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Abstract 
Synthesis, Transfer Printing, Electrical and Optical Properties, and 
Applications of Materials Composed of Self-Assembled, Aligned Single-
Walled Carbon Nanotubes 
By 
Cary L. Pint 
Super growth of single-walled carbon nanotubes (SWNTs) has emerged as a 
unique method for synthesizing self-assembled, pristine, aligned SWNT materials 
composed of ultra-long (millimeter-long) nanotubes. This thesis focuses on novel routes 
of synthesizing such self-assembled SWNTs and the challenges that arise in integrating 
this material into next-generation applications. First of all, this work provides unique 
insight into growth termination of aligned SWNTs, emphasizing the mechanism that 
inhibits the growth of infinitely long nanotubes. Exhaustive real-time growth studies, 
combined with ex-situ and in-situ TEM characterization emphasizes that Ostwald 
ripening and subsurface diffusion of catalyst particles play a key role in growth 
termination. As a result, rational steps to solving this problem can enhance growth, and 
may ultimately lead to the meter or kilometer-long SWNTs that are necessary for a 
number of applications. In addition, other novel synthesis routes are discussed, such as 
the ability to form macroscopic fibrils of SWNTs, called "flying carpets" from 40 nm 
thick substrates, and the ability to achieve supergrowth of SWNTs that are controllably 
ii 
doped with nitrogen. In the latter case, molecular heterojunctions of doped and undoped 
sections in a single strand of ultralong SWNTs are demonstrated. Secondly, as 
supergrowth is conducted on alumina coated Si02 substrates, any applications will 
require that one can transfer the SWNTs to host surfaces with minimal processing. This 
work demonstrates a unique contact transfer route by which both patterned arrays of 
SWNTs, or homogenous SWNT carpets, can be transferred to any host surface. In the 
first case, the SWNTs are grown vertically aligned, and transferred in patterns of 
horizontally aligned SWNT. This transfer process relies on simple water-vapor etching of 
amorphous carbons at the catalyst following growth, and strong van der Waals adhesion 
of the high surface-area SWNT to host surfaces (gecko effect). 
Next, as the SWNTs produced in supergrowth are notably large in diameter (2-5 
nm), this work provides the first characterization of these SWNTs using combined 
microscopy and infrared polarized absorption studies. Perfectly aligned SWNTs are 
transferred to infrared optical windows and mounted in a rotatable vacuum cell in which 
polarization dependent characterization is carried out. By modeling features observed in 
absorption to expected optical excitonic transition energies, diameter distributions are 
rapidly extracted. In addition, other concepts of optical characterization in ultra-long 
aligned SWNTs are explored. For example, the concept of using polarized near-IR 
characterization for such SWNT samples is inadequate to characterize the bulk alignment 
due to the mismatch of the excitation wavelength and the SWNT length. Therefore, 
comparing anisotropy in polarized near-IR Raman or absorption gives substantially 
different results than anisotropic electrical transport measurements. In addition to optical 
characterization, this work uniquely finds that the electrical transport properties of 
iii 
SWNTs is ultimately limited by SWNT-SWNT junctions. This is evident in temperature-
dependent DC and AC conductivity measurements that emphasize localization-induced 
transport characteristics. A number of non-classical electrical transport features are 
observed that can simply be related to the sensitivity of electrical transport to SWNT-
SWNT junctions. This means that despite the incredible electrical properties of individual 
SWNTs, it is necessary to focus on the growth and processing of ultra-long SWNTs in 
order to realistically make nanotube-based materials comparable in transport 
characteristics to conventional materials. 
Finally, this work concludes by demonstrating progress on the fabrication of new 
SWNT-based applications. First of all, a new type of solid-state supercapacitor material is 
fabricated where vertically aligned SWNT are coated with metal-oxide dielectric and 
counterelectrode layers to form efficient supercapacitors. This design benefits from the 
ultra-high surface area available in SWNT arrays, the intrinsic ultra-high current carrying 
capacity of ultra-long SWNT (1000 times copper), the high breakdown voltages one can 
achieve using solid dielectric layers, and the lightweight and temperature insensitive 
design of this capacitor. As a result, performance comparable to current electric-double 
layer capacitor devices is reported, and energy densities significant larger are predicted 
by material optimization. In addition, progress on other applications are discussed, 
including devices utilizing self-assembled molecular heteroj unction arrays, and terahertz 
polarizers made from perfectly aligned transferred SWNT films. This work demonstrates 
a bottom-up route toward the synthesis of new materials for novel characterization and 
applications. 
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Chapter 1: Introduction 
1.1 Carbon Nanotubes: Discovery and General Concepts 
One of the most exciting and cherished discoveries of the 20 century was that of 
the carbon nanotube. Although the first substantial characterization of a carbon nanotube 
was achieved by Iijima in 1991,1 reports of hollow tubes made of carbon were reported 
even prior to 1976.2'3 In Iijima's case, the discovery is even more exciting since it was 
made on the negative electrode of an arc discharge that was utilized to create another 
member of the carbon allotrope family, the "buckyball."4 Iijima's pioneering work 
allowed for a model to be constructed based upon rolling of individual graphene sheets to 
form graphitic tubules.1 Some early transmission electron microscope (TEM) images 
taken by Iijima of what are now known to be multi-walled carbon nanotubes (MWNT) 
are presented in Fig. 1-1. Soon after the discovery of the multi-walled carbon nanotube, 
or a nanotube composed of concentric graphitic layers, Bethune at IBM5 and Iijima at 
NEC6 announced the discovery of hollow tubes of carbon having one single layer of 
rolled up graphene in a cylindrical geometry, with a diameter of about 1 run. This new 
molecule (or class of molecules) was deemed a single-walled carbon nanotube (SWNT). 
After these discoveries, an explosion of scientific effort and research focused on the 
properties and characterization of these new nanostructures emerged. Now already 19 
years later, the quest to make viable, technologically important applications from 
materials composed of these unique all-carbon molecules continues. 
Here, an overview of advances in carbon nanotube research are discussed with 
respect to eventual application development. This includes a description of the 
techniques devised in recent years to synthesize carbon nanotubes in hierarchical 
1 
Figure 1-1. Transmission electron microscope images of some of the first nanotubes 
reported in the literature, discovered by S. Iijima. Image taken from ref. [1]. 
structures, methods for printing carbon nanotube materials for applications, electrical and 
optical properties of SWNTs, and emerging applications based on SWNT and CNT 
materials. However, before doing so, general concepts regarding the structure and 
characteristics of carbon nanotubes are introduced. 
Single-walled carbon nanotubes (SWNTs) are unique as being molecules 
composed of a single graphene sheet rolled upon itself with a chiral angle, a, that 
determines a double index of (n,m) values describing the SWNT chiral vector. SWNTs 
can be classified as being either semiconducting, metallic, or near-metallic (narrow band-
gap semiconducting) due to how the graphene sheet is rolled. Based upon the double 
index describing the chiral vector, one can distinguish a zigzag SWNT (a = 0°, m = 0), 
2 
intermediate (0 < a < 30°) 
Figure 1-2. Cartoon showing an armchair, zigzag, and chiral SWNT based on the chiral 
angle (a), as discussed in the text in section 1-2. 
and an armchair SWNT (a = 30°, m = n), leaving the nanotubes of intermediate chiral 
angles with all other possible n and m combinations as chiral SWNTs. The difference in 
identity of a SWNT based upon the rolling angle is illustrated in Fig. 1-2. 
In general, if there is no selectivity during a growth experiment, armchair 
nanotubes will make up about one-third of the population of SWNTs. The armchair 
nanotube is best known for its behavior as a 1-D metal in terms of electrical conduction. 
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A smaller population of SWNTs with chiral indices of (n-m)/3 having an integer value 
can be classified as near-metallic SWNTs, or narrow band-gap semi-conducting SWNTs. 
These SWNTs are known to have band gaps lower than ~ 15 meV, which varies with 
diameter, that makes them conducting at room temperature. All other nanotubes in the 
sample will be semiconducting, with band gaps that also vary as the inverse diameter of 
Q 
the SWNT. The broad range of SWNT types in any sample makes any effort to 
synthesize a pure metal wire of SWNTs or fabricate devices with specific semiconducting 
band gaps challenging, even as techniques develop to sort the SWNTs with reasonable 
yields.9'10 
1.2 Synthesis of Carbon Nanotubes 
Carbon nanotube synthesis is one of the most fundamental aspects of carbon 
nanotube research. A number of major advances in the ability to control the synthesis of 
carbon nanotubes has enabled new applications and the understanding of new physics and 
chemistry related to these exciting nanostructures. Some of the most well-known and 
classic techniques for SWNT growth are laser ablation,11 arc discharge,12 high pressure 
carbon monoxide (HiPCO),13'14 and chemical vapor deposition (CVD).15 Similarly, such 
techniques (often less refined) are universal for the production of MWNTs and carbon 
nanofibers that are amorphous counterparts to MWNTs. 
Regardless of the synthesis technique used to produce carbon nanotubes, the 
mechanism determining the growth of these all-carbon molecules is expected to be 
1 f\ 1 T 
universal. ' Shown in Figure 1-3 is a depiction of the growth process. First of all, a 
small metallic catalyst particle is exposed to a hydrocarbon feedstock that can decompose 
on the surface of the metal particle. This occurs in region 1 in figure 1-3. After 
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Figure 1-3. Cartoon depicting a 2-D and 1-D representation of the general concepts 
present during tip-growth of carbon nanotubes. Three regions are identified that have 
different function for the growth process. Cartoon is taken from ref. [17]. 
Decomposition of the hydrocarbon, the individual carbon atoms (or carbon dimers) can 
either be solubilized by the metal catalyst particle, or diffuse across the surface of the 
metal catalyst to reach the nucleation/growth site for the carbon nanotube (region 2). It 
should be noted that the understanding of surface or bulk diffusion in this process 
remains unclear, in addition to the state of the metal catalyst during growth. For some 
growth processes occurring at high temperatures, it is expected that the catalyst particle is 
1 R 
molten. However, for growth processes occurring at temperatures lower than 800 °C, 
the catalyst particles may remain in the solid phase. In addition, it is also known that the 
most active carbon species in SWNT growth are triple-bonded carbons,19 such as 
acetylene species, which can be introduced directly or produced through secondary 
reactions of other hydrocarbons upon thermal heating. For example, it is known that 
growth with methane and ethylene precursors is only effective at temperatures and under 
conditions where acetylene is produced as a secondary carbon source, and the growth 
observed can be fully attributed to this. 
Finally, once the carbon arrives at a vacant site in the carbon nanotube, or the cap 
of the SWNT, it is incorporated into the lattice (region 3). Recent theoretical work has 
emphasized that this process of carbon incorporation into the nanotube could be related to 
the nanotube chirality,21 even though experiments have yet to fully understand this step. 
Although this remains a general picture of SWNT growth, it also dramatically 
simplifies the process of SWNT growth and termination. In the framework of Fig. 1-3, 
one can infer that excess carbon is the only means by which poisoning, or termination of 
growth, occurs. From birth of SWNTs until recently, that has been the accepted 
explanation, even though no in-situ characterization of this process has confirmed such a 
picture. This oversimplifies the complexity of the growth and termination process, as it is 
more currently accepted.22 In fact, the structure of the catalyst particle, the interaction of 
the catalyst particle with a support (or even with the nanotube), and the large free energy 
of the particle that leads to dynamic effects (such as Ostwald ripening) at high 
temperatures all play a role in growth and termination. One of the key features of the 
work presented in this thesis is the clear observation that the legendary "overcoating" or 
carbide formation mechanism is likely (at least solely) not related to growth termination, 
whereas effects such as Ostwald ripening play a key role. 
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Figure 1-4. Supergrowth of SWNT arrays, (a) photograph of long SWNT array, (b) 
SEM image of long SWNT array, (c) high resolution SEM image of SWNT array, (d)-(e) 
TEM images of SWNTs made in this process. Scale bar = 5 nm 
1.3 Supergrowth of Carbon Nanotubes 
No introduction of growth could be complete without a special note on the 
advancement of "supergrowth."24"29 Supergrowth is a process developed by Hata et at. in 
AIST in Japan whereby highly efficient growth of vertically aligned single-walled carbon 
nanotubes (VA-SWNT) takes place by using a controlled amount of oxygen-containing 
species in atmospheric-pressure chemical vapor deposition (CVD), as illustrated in Fig. 
1-4. Not only are the SWNTs self-assembled into a dense, aligned scaffold, but the 
SWNTs can be grown to have ultra-long lengths. Early studies emphasized the 
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production of millimeter-tall SWNT arrays in only 10 minutes, whereas more recent 
studies have emphasized that centimeter-long SWNTs can be obtained. The principle 
of supergrowth in CVD can generally be achieved by utilizing a species that (i) enhances 
the active catalyst lifetime for surface supported SWNT growth, and (ii) aids to clean 
the SWNT by etching amorphous carbon products. Water vapor remains the most 
efficient species for supergrowth, as it has been documented to perform both functions. 
Supergrowth is a specific form of surface-supported SWNT growth, even though 
the general concepts governing supergrowth also are present in other known forms of 
efficient SWNT growth, including alcohol-assisted SWNT array growth used in 
Marayama's group. Therefore, supergrowth is a general process by which vertically 
aligned SWNTs can be produced, as such a technique must be employed to preserve the 
lifetime of the small catalyst particles that yield SWNTs. On the other hand, growth of 
MWNTs in aligned arrays has been demonstrated much more readily, as the control of 
parameters to achieve MWNT array growth is much less sensitive to growth conditions 
and can be broadly varied without changing the ability to achieve growth. This is a result 
of the larger diameter catalyst particles from which MWNTs grow, and the lower 
sensitivity of such particles to high temperatures and growth conditions. 
In a typical surface-supported SWNT growth process, a key feature to achieve 
supergrowth is the catalyst and catalyst support layers. It has been well-established that 
supergrowth is achieved with a 0.5 nm thick layer of Fe (catalyst), and a 10 nm thick 
layer of AI2O3 (catalyst support).32 Until recently, it was considered that the Fe was 
deposited as a uniform layer, and that reduction processes converted this layer into 
discrete particles.16 Nonetheless, simply considering surface energies between Fe and 
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AI2O3 emphasizes (~ 2.6 J/m2 and ~ 0.7 J/m2, respectively33'34) this should not be the 
case, and recent TEM characterization of as-deposited particle layers confirms this.35 
In surface supported growth processes, there are a few key features in order to 
achieve efficient growth. The first of these is the controlled deposition of the metal 
catalyst layer, which forms the catalyst particles. The second is the efficient reduction of 
this catalyst layer from a metal-oxide to a metallic, catalytically active state. The last is 
the preservation of this catalyst layer during growth conditions to keep the particles from 
undergoing morphology evolution via Ostwald ripening or kinetically driven processes. 
For those researchers studying carbon nanotube growth, one critical misconception is the 
principle that every growth reactor or process is unique, and therefore the science learned 
in each one is different. On the contrary, every process reporting SWNT array growth in 
the literature masters these concepts, further emphasizing universality in the process of 
SWNT array growth. The future of SWNT array growth is expected to be focused on 
using the science learned in the past few years in order to enhance the yield, the lifetime, 
and the viability of hierarchical SWNT structures for applications. 
1.4 Physical Properties ofSWNTs: Electrical and Mechanical 
Since the birth and imaging of the SWNT, there have been a number of incredible 
predictions of the single-molecule electrical and mechanical properties that has driven the 
quest toward applications seemingly derived directly from science-fiction. This includes 
the concept of the elevator to space, or the concept of the armchair quantum wire. 
Although these applications surely reside well into the future, these concepts have 
"science-fiction" nature because they are based on the preservation of the remarkable 
single-molecule properties of carbon nanotubes. 
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Figure 1-5. Electronic structure of graphene calculated within a tight-binding model with 
71-electrons. Figure taken from ref. [37]. 
The basic electrical properties of SWNTs can be inferred from the calculated 
electronic structure of graphene,37 which is shown in Figure 1-5. Here, the bottom 
feature is the valence band and the top feature is the conduction band. The valence and 
conduction band meet at only six places in the corner of the first Brillouin zone. 
Therefore, the electronic structure of SWNTs (neglecting curvature) can be inferred by 
considering slices of this band structure with defined kx and ky values. As a result, 
metallic SWNTs represent slices of this 2-D band structure where the conduction and 
valance bands meet, whereas semiconducting SWNT represent slices where there is a gap 
between the valence and conduction band. Furthermore, the one-dimensional (1-D) 
nature of SWNTs has some interesting implications on the electrical properties and 
electronic structure. First of all, the density of states for these structures mimics that of 
an ideal 1-D system, with most of the electronic states located in van Hove singularities 
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that are "spikes" equally spaced on either side of the intrinsic Fermi energy. For 
semiconducting SWNT, the density of states is zero until energies where these states are 
located, whereas for metallic SWNT, there is a finite density of states at the intrinsic 
Fermi energy. Furthermore, the 1-D nature of SWNTs also dictates that only the most 
energetic population of phonons can result in phonon-electron scattering processes. As a 
result, delocalized carriers in SWNT have remarkable mean-free paths compared to other 
bulk materials (microns versus tens of nanometers), since phonon-electron scattering is 
less pronounced. 
Research on SWNTs has exploded based on theory and experiments documenting 
these remarkable single-molecule properties. Among these properties, armchair SWNTs 
are known to be capable of sustaining current densities over 1000 times that of 
conventional copper wires, ' have a conductivity equivalent or better to the best 
metals, and exhibit loss-free transmission of electronic wavefunctions at SWNT-SWNT 
contacts when a well-defined overlap of armchair SWNTs is achieved.40 Producing 
fibers of such material could revolutionize efficient energy transfer, but such a task is not 
trivial and currently (with current techniques for synthesizing and assembling SWNT) 
impossible. On the other hand, semiconducting SWNT (excluding narrow-gap SWNT) 
are equally exciting for applications. These SWNT have mobilities higher than any 
known semiconducting material,41 and have band gaps tunable by diameter through a 
range of energies that is perfectly suited for transistor devices.37 To complement their 
electrical properties, SWNTs have been found to exhibit tensile strengths 100 times that 
of steel, but with the SWNTs themselves having only 1/6 the weight.42 These impressive 
single-molecule properties can not be matched by any other molecule, and has driven the 
11 
search for next-generation materials made of these "futuristic" molecule components. 
However, as will be discussed in this thesis, the use of techniques to build macroscopic 
materials from microscopic SWNTs have demonstrated only moderate properties, that 
remain insufficient to motivate replacement of many bulk materials. For example, one 
particular application of SWNT films is in transparent thin-film coatings to replace 
transparent indium-tin-oxide (ITO) as a transparent conductor for photovoltaics or touch-
screen type of applications. Although SWNTs yield comparable performance and are 
notably cheaper to produce, the enhancement to performance is not currently sufficient to 
drive companies to change production protocols. In contrast, if transparent SWNT films 
were able to preserve the individual SWNT electrical properties, these materials would be 
far superior to ITO and transparent, conductive SWNT films would already be available 
in the marketplace. Therefore, the key problem remaining to solve in making next-
generation SWNT-based materials is how to preserve the single-molecule properties of 
SWNTs. From the perspective of the author of this thesis, this can occur through either 
one of two routes. In the first case, the problem can be solved in a purely bottom-up 
approach, but utilizing new growth techniques to grow macroscopic SWNTs. To place 
this into perspective, in the early years of SWNT growth, lengths of 1 urn was the 
limitation of length for these molecules. Today, processes have been devised to grow 
SWNTs up to 20 cm long.44 If this continues, within 15 years the ability to grow single 
SWNT tens of kilometers long should be possible. As a result, the single-molecule 
properties of SWNTs in macroscopic materials will not be compromised since the 
macroscopic materials will be composed of single-molecule strands of SWNTs. The 
other route is more practical from a near-term engineering approach, and involves the 
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rational "bridging" of microscopic SWNTs. The purpose of this would be to lower 
barriers at charge transfer sites and simultaneously enhance the mechanical rigidity of the 
structure. This could be performed with molecular functionalization or by placing Fermi-
level matched metal clusters into the SWNT material. Of these two cases, the most 
elegant solution to this problem is the first, even though the latter represents a route that 
can be achieved on a shorter time scale and likely to yield a material comparable to, or 
better than, currently existing bulk materials. 
In any case, the electrical and mechanical properties of SWNTs at a single-
molecule level are far superior to conventional macroscopic materials. However, the 
viability of these materials for the future will depend on scientists to develop new 
approaches to growing or constructing these materials. 
1.5 Optical Properties of SWNTs 
The optical properties of SWNTs also arise from many of the physical aspects of 
1-D SWNT molecules, but the importance of this has been largely defined by the ability 
to characterize the SWNTs. As noted in the previous section, the density of states for 
these molecules is different based on the individual (n,m) indices of the SWNT that 
defines the electronic characteristics. As a result, the optical properties of SWNT also 
depend on the (n,m) indices of the SWNT, and have in many cases been developed to 
characterize the "fingerprints" of SWNTs having different properties. 
In terms of optical characterization, there are three primary techniques that have 
been developed to characterize SWNT material. This includes Raman scattering,45 
photoluminescence,46 and absorption.47 Other approaches, such as Rayleigh scattering48 
or pump-probe characterization of coherent phonons49 has given insight into the physics 
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Figure 1-6. Elementary diagrams showing the general processes by which SWNTs can 
be optically characterized. This includes absorbance, Raman scattering, and 
photoluminescence. In case (I), the measured feature is the amount of absorbed energy, 
in case (II), the measured feature is the energy of a photon emitted from a vibrational 
mode, and in case (III) the measured feature is the photon emitted during the decay of an 
excited state. 
of SWNTs, but remain less-popular and more specialized approaches to SWNT 
characterization. Figure 1-6 illustrates the general idea of these three techniques for 
semiconducting SWNT. The principle of all techniques are that light having a 
wavelength coincident with the gap energy of the semiconducting SWNT is absorbed, 
and leads to the formation of an excited state (or an exciton). The difference between the 
three techniques is how this process is probed. In the simplest case, absorption 
corresponds simply to the absorption of incident photons. Typically, absorption 
measurements are carried out with a broad window of light frequencies, and the 
absorption of the sample is measured against a reference sample to determine the energy 
at which the sample absorbs light. Here, excitons are formed from the excitation, but the 
information obtained is generally independent of how the exciton decays. Absorption is 
one of the most useful techniques, as the optical transition energies depend on the 
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diameter and rolling angle, and accurate measurements can be obtained with minimal 
experimental complication. On the other hand, both Raman scattering and 
photoluminescence measurements are resonant techniques, using lasers for excitation that 
characterize decay routes of excitons. In a simple picture for Raman scattering, light is 
resonantly absorbed through electronic transitions (which can be simply considered as 
being transitions between mirror pairs of van Hove singularities in the density of states), 
and the decay path is into allowed vibrational modes, or phonons. In this case, when the 
vibrational modes decay to the ground state, radiation is emitted from the SWNTs which 
can be compared to the incident radiation in order to assess the "Raman shift." The 
Raman shift is a sensitive fingerprint to SWNT diameter, in some cases, as well as 
specific types of phonon modes that are sensitive to other characteristics of the SWNT, 
such as electronic type. For HiPCO SWNT, Raman spectroscopy characterization can be 
easily performed using laser lines in the visible and near-infrared (IR). However, since 
this technique depends on a resonance condition that is diameter dependent, such lines 
are inadequate to characterize the larger diameter SWNT species in the supergrowth 
material.5 In order to characterize such tubes via Raman spectroscopy, one must 
construct a system that allows spectra to be taken close to the Rayleigh line (such as a 
triple monochoromater), and utilize infrared excitations. Currently, such experiments 
have never been done. 
Finally, photoluminescence is similar to Raman spectroscopy in that it is a 
resonant technique, except the laser line is in resonance with the 2nd optical transition in 
semiconducting SWNT. In photoluminescence, the decay route of an exciton is first to 
the first optical transition energy (or first excited state), and then to the ground state. In 
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the latter process, a photon is emitted with an energy almost coincident with the energy of 
the first excited state. As a result, characterizing photoluminescence from SWNT 
samples can be a unique way to determine SWNT diameter, as these transitions (as noted 
earlier) depend on the diameter. However, not only is photoluminescence dependent on a 
resonance condition, but it is never observed for metallic SWNT because of quenching. 
The key role of these techniques in the past has been for purposes of metrology of 
SWNT samples. This remains an incredible problem, which can be emphasized simply 
in the following example. Consider for example that research group (A) uses SWNTs 
and finds conductive thin film performance 10 times better than ITO. Research group 
(B) uses SWNTs and finds conductive thin film performance 10 times worse than ITO. 
The concept of metrology is simply to explain why the results of research group (A) are 
so much different than research group (B). Optical characterization can probe the SWNT 
diameter, type, and other physical properties such as alignment in order to assess the 
discrepancy. However, one of the biggest inadequacies in carbon nanotube research is 
that many of the applications are being developed for SWNT and CNT materials aside 
from HiPCO, laser ablation, arc discharge, or CoMoCat, which have been the only 
materials properly characterized optically. No research group, until this thesis, has 
attempted to provide routes to characterize other relevant materials, and therefore there is 
no concept of metrology for materials aside from HiPCO or other standard produced 
SWNT. This is even a bigger problem since techniques such as single-laser-line Raman 
or photoluminescence spectroscopies have been touted as general processes to 
characterize all nanotubes. As a result, questionable optical characterizations have 
emerged in many cases, specifically with respect to selectively growing semiconducting 
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or metallic SWNT,51 where the spectroscopic results can be simply explained by either 
the metallic or semiconducting population being out of resonance with the laser 
excitationl Therefore, there is a remarkable need in the literature for researchers to move 
past optical characterization of the "same" SWNT that have been studied in the past two 
decades, and evolve these techniques to emerging classes of SWNTs or CNTs; 
particularly those being produced in CVD. Combined with the ability to grow materials 
for bottom-up applications, this is an often-overlooked, but equally important detail to 
control regarding the performance of SWNT in applications. 
1.6 CNT-based Applications 
Since their conception, CNTs have been attractive for and implemented in many 
applications that span from electronics to biological applications. For electronics 
applications, individual short SWNTs have been demonstrated to be excellent ultra-fast 
ballistic transistors, and networks of SWNT have shown promise for thin film transistor 
technology. Other applications where CNTs have been integrated have been for 
incandescent displays,54 gas sensing,55' 56 adhesive tapes,57' 58 thermoelectrics,59 
composite materials,60 thin film loudspeakers,61 field emission devices,62'63 and a range 
of energy-related applications.60'64"68 In particular, for energy applications, SWNTs have 
been developed in both electric double-layer capacitors (EDLCs) and batteries.64'66' 68 
Recent work by Hata's group66 shows self-assembled SWNTs yield energy densities of 
up to 70 Wh/Kg for EDLCs made from dense SWNT networks, whereas other studies 
utilizing SWNTs and CNTs have consistently demonstrated EDLCs with energy densities 
between 1-10 Wh/Kg.68 
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Whereas one single section of this thesis is completely inadequate to give proper 
justice to all the SWNT applications being developed, it should be noted that a significant 
effort has been and is being undertaken to integrate SWNTs and CNTs into 
technologically important applications. The basis for these applications is typically based 
on the single-molecule electrical, thermal, or mechanical properties described previously, 
and approaches such as self-assembled SWNT growth have been incredibly useful in 
allowing a bottom-up approach to development of applications based on a material 
composed of dense, aligned SWNTs. In many ways, approaching applications from a 
bottom-up perspective, the novelty of carbon nanotube research is in the growth process. 
In the words of P. Avouris, "stop everything and focus on growth!" This emphasizes that 
the ability to make novel applications from CNTs is intrinsically tied to the ability to 
grow new templates of CNTs that can be integrated into applications, and control the 
CNT growth process. With this approach, combined with the exciting physical properties 
of SWNTs and CNTs, it is possible that a whole new class of applications will emerge in 
decades to come based on nanomaterials composed of SWNTs. 
1.7 Thesis Outline 
This thesis presents a unified picture of growth, physical properties, and 
applications of SWNTs grown in self-assembled arrays from a bottom-up perspective. 
Chapters 2-3 give insight into water-assisted growth, or "supergrowth," of SWNT arrays 
and the limitations of this process. The next five chapters (4-8) present details about 
growth termination in SWNT arrays, uncovering new insight into what features limit the 
growth of infinitely long nanotubes from "immortal" catalysts. Chapters 9-10 extend the 
concept of self-assembled SWNT growth to non-conventional systems, using both (a) 40 
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nm thick metal-oxide flakes and (b) carbon surfaces, including planar carbons and carbon 
fibers as substrates to support growth. Chapter 11 concludes the SWNT growth studies 
by showing that N2H4 can be efficiently used as a reducing agent for catalysts, leading to 
scalable routes for supergrowth while preserving the small catalyst particles. 
Chapters 12 and 13 focus on the transfer of both homogenous and patterned self-
assembled SWNT materials to host surfaces using a newly developed dry contact transfer 
process. In addition, chapter 13 gives insight into the use of absorption measurements as 
a simple and scalable route to obtaining diameter distributions for supergrowth materials. 
Chapter 14 provides a mixture of growth of nitrogen doped SWNTs using the 
supergrowth process with the contact transfer process in order to discuss growth and 
optical characterization, as well as fabricate self-assembled arrays of molecular 
heterojunctions of doped and undoped SWNT. Chapters 15 and 16 give insight into 
electrical properties of contact transferred, aligned SWNT materials, emphasizing the role 
of SWNT-SWNT junctions on limiting electrical transport properties in as-grown 
materials of mixed metal/semiconducting SWNT. Finally, chapter 17 gives insight into 
one application from these SWNT materials, demonstrating the fabrication of a novel 
supercapacitor architecture from SWNT arrays. 
It should be noted that the purpose of organizing this thesis in this manner is to 
demonstrate how new means of growing self-assembled SWNT materials can lead to new 
physics and chemistry of these materials, and ultimately to important applications that are 
well-tailored for these SWNT structures. This represents a true bottom-up approach to 
application development, by starting from growth and developing techniques to make 
applications. In many ways, the work in this thesis can be thought of as self-sufficient, as 
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the early discovery of the transfer process has enabled nearly every aspect of this work, 
from transferring S WNT from the growth substrate to perform TEM imaging of catalysts, 
to transferring SWNT to desired surfaces for development of applications and the study 
of physics and chemistry of these materials. Although this thesis contains only a portion 
of the work sought by the author, it hopefully represents not only important results for the 
carbon nanotube field, but also a unique approach to the problem of carbon nanotube 
applications that deviates from the "standard" approach taken by many researchers. 
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Chapter 2: Oxide-Assisted Growth of Vertically Aligned 
Single-Walled Carbon Nanotubes 
2.1 Introduction 
Single-walled carbon nanotubes (SWNT)5 are undoubtedly one of the most 
promising nanomaterials for the growing number of applications in the field of 
nanoscience and nanotechnology. With extraordinary mechanical, electrical, and thermal 
properties, research focusing on these nanoscale carbonaceous molecules is currently 
progressing at a remarkable rate. Although many applications have been already 
conceived for nanotubes since their discovery, the more recent observation that SWNTs 
can be grown from solid surfaces in aligned arrays31 has introduced an ideal framework 
for materials which can be easily integrated into new and important applications. Some 
of the applications highly applicable to this growing field include field emission 
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devices, supercapacitors, ' chemical sensors, ' self-cleaning adhesive tapes, ' 
and filtration membranes.73' 74 However, one of the fundamental limitations toward 
profound technological advances in these applications is the ability to have intricate 
control of the growth process. Control of nanotube diameter, number of walls, defect 
population, and other properties such as length and SWNT density, will result in dramatic 
advances in each of these applications and increased potential for further applications. 
Based on this concept, there has been a substantial effort to optimize the 
technique of growing aligned arrays of nanotubes. Recent efforts have been focused on 
the optimization of carpet growth with respect to SWNT yield based on novel synthesis 
methods.75 However, this effort is concomitant to work by Hata et al.,26'76 introducing the 
notion that H2O assisted growth with ethylene can be optimized to result in what is called 
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"super-growth," or the rapid growth of SWNT material at rates of up to 2.5 mm in 10 
minutes. In this study, Hata et al. observe that H2O is an essential ingredient to extending 
the lifetime of the catalyst, etching defects and amorphous carbon to result in high quality 
SWNT material. Following this work, there have been other studies which have utilized 
"XO 77 7Q 
or considered H2O as a component in nanotube array growth. ' " Although it is 
evident that the role of water is not yet fully understood, it is evident that the presence of 
a small, specific amount of water leads to growth enhancement, either in growth height or 
else nucleation density. In addition, molecular oxygen has been observed to be a 
SO 89 
beneficial ingredient in some cases during growth of SWNT and MWNTs. u"" In the 
80 
case of O2 assisted methane decomposition, a small amount of O2 is found to reduce 
amorphous carbon and yield smaller diameter distributions of nanotubes. 
Recent observations by Kauppinen's group83'84 have emphasized that both CO2 
and H2O play an essential role in aerosol growth of SWNTs with a CO precursor. 
Analogous to super-growth conditions for gas-phase growth, CO2 and H2O additions to 
the reaction result in longer SWNTs, emphasizing the enhanced catalyst lifetime reported 
in other techniques. In this case, the role of the CO2 and the H2O is introduced as being 
an etching agent- synergistic with previous ideas on the role of these oxides during 
growth. 
In addition to growth optimization in the presence of an oxidant, there have been 
more studies of the role of reactor parameters on the properties of nanotubes grown in 
aligned SWNT arrays.85"87 Recent studies performed at Oak Ridge have demonstrated 
the use of a semi-empirical growth modeling process to study aligned SWNT growth and 
its dependence on parameters such as temperature and carbon flux.17'88 From this work 
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emanates a simple, yet powerful concept that growth can be envisioned as a competition 
between the flux of incoming carbon and the rate at which carbon is deposited onto the 
growing nanotube. In this way, high quality SWNT growth can be achieved at 
temperatures just before "poisoning," or the collective termination of SWNT growth, 
takes place. This means that the utilization of temperature and carbon flux as adjustable 
parameters in a CVD reactor can allow one to systematically adjust growth to a material 
with specific desired properties, such as quality and length. Such control in the 
optimization of the growth process suggests higher yields of better quality material can 
be easily achieved. 
It is therefore the purpose of this study to first investigate the role of an oxidant 
during growth of aligned SWNTs utilizing CO2, H2O, and O2 assisted growth. This will 
allow us to determine a mechanistic understanding of the role of an oxide during growth 
of carpets. In addition, we will investigate the role of two parameters: temperature and 
carbon flux, on the properties of nanotubes grown in order to isolate the optimal 
conditions for high-yield, high quality SWNT growth. With our results in qualitative 
agreement with previous modeling efforts, we will present a universal picture of a highly 
adjustable, efficient growth technique that can be utilized for the synthesis of high quality 
SWNTs, as well as other desired nanotube material. 
2.2 Experimental Details 
The hot filament chemical vapor deposition (HF-CVD) apparatus ' utilized for 
the growth of vertically aligned carbon nanotube arrays (carpets) is illustrated in Fig. 1. 
The reactor consists of a 1" tube furnace in which a 0.25 mm tungsten filament is 
suspended inside of a quartz tube near the center of the surrounding heating element. 
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Figure 2-1. Schematic of the hot filament chemical vapor deposition reactor utilized for 
experiments conducted in this thesis. 
Control of the precursor gases is achieved by a gas manifold consisting of MKS mass 
flow controllers operated by LabView software. In a previous optimization scheme 
where we determined the optimal gas flow rates for aligned nanotube growth without the 
presence of an oxidant, l we found that growth was achieved with 400 standard cubic 
centimeters (seem) of H2 and 2 seem C2H2. Under these precursor gas flow rates, the gas 
pressure monitored directly downstream of the furnace via a capacitance monometer is 
found to be stabilized at -1.5 Torr (~ 200 Pa), with a flow rate of ~ 5 m/sec. As 
illustrated in Fig. 1, downstream of the furnace is a gate valve lode lock which isolates 
the sample loading area from the gas flow. This allows for the rapid interchange of 
samples without any disruption to the gas flow or exposure to air between subsequent 
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experiments. Before, during, and after growth, the reaction gas mixture is sampled by 
both a Fourier Transform Infrared spectrometer, and a Dycor Residual Gas Analyzer 
mass spectrometer (downstream from the reaction). While not in use, the whole system 
is kept under high vacuum with a turbomolecular pump (-1-5 x 10"6 Torr, 1.3-6.6 x 10"4 
Pa), and all incoming gas lines are resistively heated to evacuate all residual moisture. 
Combined, these measures allow us intricate control of the growth process with respect to 
the gases flowing and any contaminants which may be present in the reactor. 
In order to grow carpets, the following steps are taken, (/') the furnace temperature 
is set and achieved, (//) the hot filament is turned on by ramping to a current of -10 A 
through the tungsten filament (while gases are flowing), and (Hi) the gate valve is opened 
and the sample holder is moved to a point that is approximately 2 mm from the filament. 
The role of the hot filament is to achieve rapid reduction of the catalyst from a stable 
Fe2C>3 to metallic (and catalytically active) Fe. This occurs due to the formation of 
atomic hydrogen while the filament is activated, as the high temperature of the filament 
(typically ~ 2500 °C) can dissociate H2. The use of the hot filament is well known in 
CVD diamond growth, where atomic hydrogen production has been experimentally 
characterized.92 After 30 seconds of atomic hydrogen exposure from the hot filament, it 
is turned off and growth takes place typically for an additional 30 minutes. The scheme 
in Fig. 1 shows the reactor in the state that it typically remains during growth. After 
growth, the sample is moved outside the gate valve into the loading chamber, sealed, and 
purged with N2 allowing efficient sample interchange. Following the insertion of a new 
sample, the loading chamber is evacuated and the sample holder is again moved inside of 
the reactor. 
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Water vapor is introduced in the system by bubbling H2 through nanopure water 
at ~ 207 kPa (30 psig) upstream from a MKS 200 seem mass fio controller. In order to 
degas the water, it is frozen with an acetone-dry ice bath and allowed to thaw under 
vacuum. This is cycled three times before the water vapor is brought into the reactor. 
The typical growth substrate consists of 0.5 nm of Fe that is deposited onto a 10 
nm of AI2O3 on boron doped Si(100). The typical pressure during evaporation is 7.5 x 
10"7 Torr (1 x 10"4 Pa), and both materials are evaporated without exposure to air between 
the depositions. For the AI2O3, the deposition rate is 2 A/sec, while the deposition rate 
for the Fe layer is 0.5 A /sec. 
Following growth, carpet heights were obtained with a JEOL 6500 scanning 
electron microscope, and the nanotubes were imaged with a JEOL 2100 Field Emission 
Gun Transmission Electron Microscope. A typical scanning electron microscope image 
of a carpet sideview (a) and a close-up bundle-view (b) is shown in Fig. 2. The image 
shown in Fig. 2(b) emphasizes the alignment of nanotubes that is an inherent feature of 
the growth process of carpets. The heights reported throughout this study are the 
averages of heights recorded every 5 mm along the length of the ~ 4 cm chip, along with 
error bars that are deemed appropriate for variation and measurement error. Raman 
spectra were obtained from a Kaiser Optical Systems Raman spectrometer with a fiber 
optic probe and fluorescence spectra were taken with an Applied NanoFluorescence 
Nanospectralyzer. The carpets were dispersed in 1 wt.% sodium dodecylbenzylsulfonate 
(SDBS) after ultra-sonication for 1 hour. 
2.3 The Role of the Oxidant During Growth 
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One of the primary objectives of this study is to develop an understanding of the role of 
the various oxidants that have previously been established as beneficial to SWNT growth, 
in the framework of the reactor described here. To do this, we study growth with various 
amounts of H2O, CO2, and O2. The dependence of carpet height on the concentration of 
CO2 and H2O is shown in Fig. 3. It should be noted that even trace amounts of O2 
present during the reaction is detrimental to the growth. Utilizing a mixture of 1% O2 in 
He, with as little as 1 seem of this present during the growth period (0.01%, or 5 ppm 
O2), absolutely no growth is observed. Even with as little as 0.1 seem of 1 % O2 
(0.001%), no growth is observed on the chip nearest to the hot filament, even though 
slight growth is observed toward the end side of the chip. This indicates that O2 plays a 
severe detrimental role in the growth of carpets. However, upon inspection of Fig. 3(a), it 
is evident that the addition of small concentration of CO2 in the reaction gas mixture 
results in a significant enhancement of the carpet height. With an addition of only 500 
ppm of CO2, the carpet height increases from ~10 microns to ~ 15 microns. This 
continues until 5000 ppm, where the carpet height stays constant at ~ 27 microns with 
nearly 4 times the CO2 concentration. Comparing this to Fig. 3(b), the presence of H2O 
results in the same trend with respect to the carpet height, even though it is more 
pronounced. In fact, the saturation effect occurs at only ~ 1000 ppm of H2O (instead of 
5000 ppm), and the carpet height remains at ~ 105 microns tall with up to 5 times more 
water added to the reaction. This saturation effect of CO2 and H2O during carpet growth 
is an indication that a surface chemistry phenomenon is playing a significant role in the 
enhanced growth of carpets. As will be discussed later, in the case of water-assisted 
growth, it is likely the case that the water is reacting with the surface and forming 
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Figure 2-2. Characteristic scanning electron microscopy images of carpets grown by hot 
filament chemical vapor deposition, (a) side-view image of a carpet showing the bundle 
structure, and (b) close-up view of the bundles showing the alignment of nanotubes in the 
carpet. 
surface-bound hydroxyl groups. This is likely to be the case on both the AI2O3 surface as 
well as on the edge of the Fe catalyst particles which are exposed to the underlying 
support. In the case of CO2, water is most likely formed through a reaction with the H2, 
namely, 
H2(g) + C 0 2 ( g ) ^ C O ( g ) + H20(g), (1) 
which results in a reaction between the H2O and the surface leaving it hydroxylated, a 
feature that seems to be important for the growth process. This means that the enhanced 
carpet growth observed from the presence of CO2 is most likely due to the same 
chemistry which drives the enhancement of carpet growth in the presence of only H2. 
The difference is that it takes ~ 5 times more CO2 to reach saturation due to the fact that 
CO2 is a rather stable molecule, and surface hydroxylation is a secondary reaction to the 
formation of water. Also, it is interesting to note that the saturation of water and CO2 
result in different terminal heights of the carpets after 30 minutes of growth. This means 
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Figure 2-3. Dependence of the carpet height on the concentration of (a) CO2 and (b) 
H2O present in the reactor at 750 °C. 
that the rate limiting step to achieving the best growth with CO2 is the presence of a 
sufficient amount of H2 for the reaction in (1) to take place. 
In order to better understand the role of H2O and CO2, we performed experiments 
where the CO2 or H2O was present only for either the nucleation period (with the hot 
filament) or the growth period (after filament is turned off), but not both. The results of 
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Table I. Average carpet heights measured for the cases with and without an oxidant 
(CO2 and H2O) present during the two phases of growth: (i) reduction and nucleation 
with atomic hydrogen present (nucl + oxidant), and (ii) post-reduction carpet growth 
(growth + oxidant). N is short for "No" and Y is short for "Yes." Approximate errors in 
height measurements are also included. 
Nucl + 
Oxidant? 
N 
Y 
N 
Y 
Growth + 
Oxidant? 
N 
N 
Y 
Y 
Height, H20 (um) 
10.1 ± 1 
13.5 ±1.5 
107.1 ± 5 
103.3 ± 5 
Height, C02 (um) 
10.1 ± 1 
18.27 ± 2 
24.1 ± 3 
27.3 ± 3 
these experiments are presented in Table I. Here, the CO2 and H2O levels utilized are 4 
seem CO2, and 100 seem H2/H2O (~ 1 seem H2O)- both of which are in the "saturation" 
region where the growth is not further enhanced with additional oxidant presence. In the 
first case, where the oxidant is only present during the nucleation period (in the first 30 
seconds of growth when the hot filament is on) it is evident that the significant 
enhancement of growth observed with the oxidants present throughout the full growth 
period does not occur. In the particular case of HjO-assisted growth, having this oxidant 
present during both nucleation and growth leads to ~ 10 times taller carpet than without 
any H2O present. After turning off the H2O 30 seconds into the growth, it is clear that the 
resulting carpet height (13.5 microns) is closer to the carpet height when no water is 
utilized (10.1 microns). On the other hand, beginning to bubble H2 through H2O directly 
following the hot filament exposure leads to a carpet with height of 107.1 microns; very 
close to the 103.3 microns observed when H2O is on for both the nucleation and growth 
periods. This same general trend follows in the case of CO2, even though it is not as 
enhanced since the terminal growth reported with CO2 is only 2-3 times that with no 
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oxidant at all. This emphasizes that the presence of an oxidant during growth results in a 
continuous reaction with the catalyst surface which is fundamentally important to 
achieving the enhancements to the carpet growth. 
In terms of the growth enhancement observed with either CO2 or H2O present, it is 
important to consider whether this means that the growth rate has increased, or the 
catalyst lifetime has been extended. Experiments were carried out to measure the carpet 
height as a function of growth time to study this effect, the results of which are presented 
in Fig. 4(a). In this case, H2O and CO2 were added into the reaction gas mixture at levels 
which resulted in the saturated carpet height as a function of oxidant concentration (Fig. 
3), which we perceive as being due to the saturation of the surface with hydroxyl groups. 
In the case of growth with no oxidant, the carpet height as a function of time is a straight 
line centered at about 10 microns. This indicates that, prior to 15 minutes of growth, the 
carpet growth has already been terminated. However, in the cases where CO2 or H2O are 
present, the carpet height clearly increases between the time intervals studied, 
emphasizing that the catalyst remains active at least up until 2 hours of growth. 
Comparing the cases with 0.5% C2H2 with either CO2 or H2O, it is again evident that H2O 
is more active at enhancing the growth rate, even though the presence of CO2 does result 
in active catalyst up until 2 hours. In addition, one may note that the three points 
between 30 minutes and 2 hours seem to support the idea that growth is nearly linear over 
this time range, even though the points between 15 minutes and 30 minutes seem to stray 
from the linear trend in all cases. This is further emphasized in Fig. 4(b), which shows 
the early stages of growth for a carpet with 0.5% C2H2 and 0.5% H2O. It is clear from 
this plot that the early stages of growth develop through a non-linear trend of carpet 
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Figure 2-4. (a) Dependence of the carpet height on the growth time, for the three 
different cases of growth with CO2, H2O, and growth with no oxidant, (b) Dependence 
of the carpet height on the growth time with 2 seem of H2O present, during the early 
stages of growth compared to the plot shown in part (a). 
height with respect to growth time. As the carpet is a relatively dense material, it is 
expected that this signifies a transition between two different growth modes of a carpet. 
The first of these is where the catalyst is freely exposed to the incoming C2H2, and the 
growth rate is limited only by the C2H2 flux.17 The second case is when a substantial 
amount of carpet has already been catalyzed; the carbon feedstock supplied to the catalyst 
is through diffusive flux to the catalyst after collisions with the nanotubes in the carpet. 
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( 3 ) (no oxidant) 
Figure 2-5. Schematic of effects which are occurring on the catalyst during growth (a) 
without, and (b) with an oxidant present. In the top panel, carbon overcoating and 
Ostwald ripening35 are labeled as potential termination mechanisms, where in the bottom 
panel, the hydroxyl terminated surface protects from such effects. 
As we observe, after approximately 30 minutes, the growth is solely due to diffusive flux 
of carbon resulting in a constant rate of carbon being supplied to the catalyst surface. 
As a result of our experiments, we are able to construct a picture that follows our 
interpretation of the effect of H2O and CO2 in the framework of our experimental 
observations, shown in Fig. 5. In the first case, where no oxidant is present, the carpet 
growth terminates after a relatively short exposure to carbon. Although the concept of 
why termination occurs is still being heavily researched and is likely to be a complicated 
phenomenon, there are two primary reasons why this occurs. The first of these is based 
on the fact that H2O and CO2 both will act to etch away amorphous carbon that forms in 
the first stages of growth and throughout the growth process. Since there is a broad 
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catalyst size distribution (and hence, a broad nanotube diameter distribution, which will 
be discussed at a later point), a constant flux of carbon to the surface will result in some 
nanotubes growing faster than others. This variation in growth rate will be ultimately 
limited by the uniform growth rate of the carpet, and will result in many of the particles 
beginning to become too saturated with carbon and form a carbon shell (and a carbide).93' 
As a result, this will create a uniform drag force on the growing carpet, which will 
further this effect until collective growth termination occurs. The second effect which is 
illustrated in the top panel of Fig. 5 is Ostwald ripening of the catalyst particles over time. 
Utilizing state-of-the-art imaging techniques, we have recently established this effect as 
being a serious issue in carpet growth, and proved that without an oxidant present 
during growth, only 5 min. of annealing in H2 under growth conditions leads to ripening 
into large (> 8 nm) particles which will no longer be conducive to SWNT carpet growth. 
Thus, carpet growth without an oxidant present is plagued with two potential termination 
mechanisms which occur relatively quickly during the growth period, making this form 
of growth short and inefficient. 
On the other hand, the bottom panel of Fig. 5 illustrates the effect of having an 
oxidant present on the catalyst surface during growth. Whereas the CO2 and H2O are 
surely acting to etch away excessive carbon to extend the catalyst lifetime, we suggest 
that they are also acting to hydroxylate the surface and make it less likely for ripening to 
take place. An argument for surface hydroxylation is straight-forward based upon the 
results from data presented thus far, emphasizing that the addition of H2O is initializing 
surface chemistry with the catalyst and support which is dramatically enhancing the 
catalyst lifetime. Furthermore, recent studies identifying Ostwald ripening as being an 
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issue in this growth process also emphasize that the addition of a small amount of water 
during growth slows the ripening rate substantially, allowing for longer catalyst lifetimes 
due to better catalyst stability. Therefore, having a hydroxylated surface will result in the 
"pinning" of any mobile Fe atoms near the edge of the catalyst to surface-bound oxygen 
groups which will stabilize them. In light of this, it should be noted that previous studies 
using gas-phase SWNT growth techniques have emphasized the role of H2O and CO2 in 
the process of etching away excess C,83'84 even though these studies are not conducted on 
a surface where such ripening effects may also tend to inhibit growth. As a result, 
surface hydroxylation and amorphous carbon etching are two major roles of an oxidant 
on this carpet growth process, and these are necessary in any similar carpet growth 
process as well. 
In the spirit of understanding the effects of H20 and/or CO2 on the properties of 
the nanotubes themselves, detailed analysis of the effect of H2O and CO2 concentration 
on Raman D and G band ratios and photoluminescence (PL) intensities was performed. 
In both cases, the D:G ratio was found to be invariant with increasing concentration of 
oxidant (within 10%), and no difference was observed in the absorbance-normalized PL 
measurements as the oxidant concentration increased- indicating the relative ratios of 
small diameter nanotubes are approximately the same in each case. In addition, Raman 
measurements were performed by focusing the laser spot on the side of the carpet (with 
the exception of the very top of the carpet). In these experiments, no change in D:G ratio 
could be observed between the top side of the carpet and the bottom with spectra taken at 
9 uniformly spaced spots along the carpet height. These results indicate a few important 
aspects of growth with an oxidant present: (/) the oxidant does not seem to improve the 
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inherent "quality" of the nanotubes, (if) the oxidant does not seem to fundamentally 
change the distribution of nanotube diameters present in the carpets, and (Hi) growth with 
the oxidant results in a carpet that is highly uniform from top to bottom in terms of D:G 
ratio and RBMs. These points are important to make, as they precede our investigation 
on the effect of temperature, where we do find differences between the nanotubes with 
Raman scattering and PL measurements. 
2.4 The Role of Reactor Temperature During Growth 
One of the most important and fundamental parameters in any growth study is the 
temperature at which the reaction is observed to take place, and how this temperature 
affects the properties of the resulting material that is grown. Previous modeling and 
experiments establish that the growth of carpets is a process highly sensitive to 
temperature. In the framework of the modeling technique conceived by Wood et al.}1 
the temperature defines the rate at which the carbon is transferred from the surface of 
catalyst particle to the growing nanotube, which ultimately defines the growth rate of the 
nanotube and the number of walls each nanotube contains. At the highest temperatures 
where growth can be achieved, only SWNT growth is observed due to the increased rate 
at which carbon is being transported through the catalyst particle and deposited onto the 
growing nanotube. However, at the lowest temperatures where nanotube growth takes 
place, this modeling approach emphasizes that the diffusion rate of the catalyst particle is 
lower, meaning that the rate at which carbon is arriving at the surface of the particle is 
greater than the rate at which the carbon can be incorporated into a single wall, resulting 
in the emergence of a second or third wall to the growing nanotube. As we will describe 
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Figure 2-6. Carpet height as a function of temperature, for temperatures that range 
between 500 - 900 °C in carpet growth with 2 seem of H2O present. 
in detail here, the general nature of our results seem to be in excellent agreement with the 
predictions of this modeling approach. 
In all measurements studying the role of temperature upon carpet growth, we 
utilize a concentration of H2O in the reaction gas mixture that is found to be well beyond 
the point at which we expect hydroxyl saturation to occur (2 seem H2O). In order to 
study the effect of temperature upon carpet growth, we compare the height of carpets 
grown at several different temperatures, which is presented in Fig. 6. We find that below 
a temperature of 500° C, no carpet growth is observable, even though the surface of the 
growth substrate is blackened by a thin sheet of nanotubes during growths at 450° C. 
However, at 500 °C and above, the carpet height increases with temperature up until a 
critical temperature is reached at 775 °C, where a further increase in temperature leads to 
a sudden drop-off in carpet height. This sort of behavior has been reported in the past, 27 
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Figure 2-7. Photoluminescence spectra from 660 nm excitations of SDBS dispersed 
carpet nanotubes grown at different temperatures. Absolute intensities for a fixed amount 
of time are reported normalized to the concentration of each individual solution. 
and is defined as the effect of catalyst "poisoning." Although we are still in the process 
of a detailed study of the cause of this effect, it is likely that one or a combination of (/) 
Fe-carbide formation, (ii) Ostwald ripening, or (Hi) FeO intercalation to the AI2O3 
support, are responsible for this. 
In order to understand the effect that temperature has upon the properties of the 
nanotubes that are grown, we dispersed the carpet-grown nanotubes in 1 wt.% sodium 
dodecylbenzylsulfonate (SDBS) via bath sonication for 1 hour. Although an effort was 
made to achieve optical densities that were similar by eye, visible absorbance 
measurements were also taken to normalize the intensities of the photoluminescence (PL) 
measurements to the concentration of the dispersed SWNT solution. The concentrations 
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were calculated based upon a previously established laboratory standard by measurement 
of absorbance at 763 nm. The resulting normalized PL data for excitations at 660 nm is 
presented in Fig. 7, at different temperatures utilized for carpet growth. It should be 
noted that data for temperatures below 600 °C is not shown in Fig. 7 due to the lack of 
any PL signal above background noise. Even at 600 °C, the PL signal is at least an order 
of magnitude smaller than at a slightly higher temperature of 650 °C. This emphasizes 
that there is some fundamental difference between growth at 600 °C and 650 °C, even 
though the carpet height measurements indicate that carpets grow at both temperatures. 
Interestingly, as the temperature is further increased, the normalized PL intensity also 
increases, indicating a more significant presence of smaller diameter SWNTs. It should 
be noted at this point that the PL measurements can only sample a small window of the 
large range of nanotube diameters that are present in carpets.95'96 Therefore, one can not 
infer that changes in the observed peaks in the PL spectra are indicative of differences in 
the distribution of nanotube diameters present in carpets. However, based on extensive 
studies which have proven that a double-walled or multi-walled nanotube (DWNT or 
MWNT) will not fluoresce,97 the observation of PL and the absolute intensity of that PL 
signal can be utilized as an indication of the presence of small diameter SWNTs in our 
carpets. A consistent trend in Fig. 7 is that carpet growth at the highest possible 
temperature yields the greatest normalized PL intensity- suggesting the greatest amount 
of small diameter SWNTs. This also holds true for growth at 800 °C, which is on the 
edge of the "poisoning" regime, directly above the temperature point in Fig. 6 where the 
greatest carpet height is observed. The normalized PL intensity for a carpet grown at 800 
39 
1100 1200 1300 1400 1500 1600 1700 1800 
Raman Shift (cm1) 
Figure 2-8. D and G bands from Liquid phase Raman spectra utilizing 785 nm 
excitations through a fiber optic probe. Spectra are normalized to the G band in all cases. 
°C is the greatest, indicating that the higher temperatures yield the best small diameter 
SWNT growth- a concept consistent with the modeling approach by Wood et al}1 
In addition to PL measurements, we also observe a similar effect by analyzing the 
temperature dependence of 785 nm Raman spectra presented in Fig. 8. The data 
presented in Fig. 8 has been corrected for the baseline noise and normalized to the G-
peak for each temperature. As is evident from Fig. 8, a large D peak is a signature of 
carpet growth at the lowest temperatures. Since absolutely no PL intensity is observed 
from dispersed nanotubes from either of these carpets (500 °C and 550 °C), it is evident 
that there is no trace of any small diameter S WNTs present in these. Therefore, this large 
D-band can be attributed to the formation of an additional wall or walls to the 
o o 
nanotubes . This observation of a larger D band is regarded as the signature of a 
significant number of sp3 defects forming in multi-walled nanotubes grown at low 
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temperatures. In the concept of the model that we have adopted so far, this is consistent 
because if the rate of growth of the nanotube is limited by the outermost SWNT that is 
growing, it is likely that additional walls will be defective due to the fact that there is a 
very small probability the incoming carbon flux exactly matches the amount of carbon 
needed to achieve perfect graphitization in the inner wall(s) and keep up with the growth 
rate of the outer wall. Analagous to the PL spectra shown in Fig. 7, we also observe in 
Raman spectra that there is a well-defined transition between the D and G peaks for 
nanotubes grown at 600 °C, and the D and G peaks for those grown at 650 °C. Although 
the D peak is lower for the nanotubes grown at 600 °C than those grown at lower 
temperatures, there is a significant difference between the D peak for the nanotubes 
grown at 600 °C and those grown at higher temperatures (650-750 °C). Also, the 
nanotubes grown between 500-600 °C have a higher frequency shoulder in the G-band 
than what is observed for high quality SWNT material. This shoulder is centered at a 
frequency close to 1615 cm"1, and corresponds to a D' peak that is typically observed for 
multi-walled carbon nanotubes that tend to be defective.98 It is likely that the bath 
sonication process for dispersing the nanotubes contributed to the formation of this D' 
peak, as previous studies on cut MWNT also observed the emergence of a D' peak after 
only 10 minutes of mild cutting." However, between the temperatures of 650-750 °C, 
there is little change in the D band intensity, and the G band can be described as a single 
Lorentzian centered about ~1592 cm"1 (no high frequency shoulder). This emphasizes 
that the temperature dependence observed in PL measurements and Raman spectra 
emphasizes a transition between a state where the nanotubes are composed of greater 
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Figure 2-9. Transmission electron microscope (TEM) images of nanotubes grown from 
carpets at (a) 775 °C, and (b) 600 °C. Images from 600 °C indicate that the nanotubes are 
primarily DWNTs, with only one visible SWNT in the image. Length scale bar is (a) 20 
nm and (b) 10 nm. Inset in (b) shows a close-up view of the DWNT on the edge of the 
bundle. 
than one wall (and highly defective) to a state where they have only a single wall (and are 
of high quality). 
In order to verify the picture already been established through PL and Raman 
spectra, we performed high resolution transmission electron microscopy (HR-TEM) on 
nanotubes grown from carpets at (/) 600 °C, where the transition between MWNT and 
SWNT is observed, and (ii) 775 °C, where the greatest population of SWNTs is expected 
based on Raman and PL spectra. Representative TEM images of both cases are shown in 
Fig. 8. In the case of carpets grown at 775 °C (Fig. 8(a)), we observe very few nanotubes 
in the TEM measurements that have greater than one wall. The majority of nanotubes are 
SWNTs, but the diameter distribution is broad. From our observations, the SWNTs have 
diameters ranging between 0.8-4 nm, which is consistent with the general diameters of 
nanotubes presented in growth methods such as water-assisted supergrowth of Hata et 
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al. However, decreasing the temperature to 600 °C (Fig. 8(b)), we observe that nearly 
all of the nanotubes are now DWNTs, with only a few exceptions of SWNTs (less than 
10%), and some defective material. This verifies that the reason for both the lack of PL 
intensity and the enhanced D band between the growths at 775 °C and 600 °C is that the 
nanotubes are sprouting an additional wall in the carpet grown at 600 °C, resulting in a 
slightly higher D band, and no PL intensity. A further decrease in the growth 
temperature results in an increased D band, emphasizing that the nanotubes present in the 
carpets are now MWNT. 
This emphasizes that temperature does play a significant role in the quality and 
type of nanotubes grown in carpets in the CVD process. Although our emphasis is on the 
production of high quality SWNTs, we also find that simply changing the growth 
temperature can result in controllable growth of DWNTs, or even the growth of few-
walled nanotubes at lower temperatures. This is an important point to make, as it often is 
attractive for some applications to have strictly DWNTs or few-walled nanotubes in the 
sample, as opposed to just SWNTs. However, in addition to control of the nanotubes that 
can be grown in this method, it is also of interest to produce large quantities of the 
specified material. In the next section, we will discuss experiments focused on producing 
ultra-long carpets by only increasing the carbon collision rate with the catalyst surface. 
2.5 The Role of Reaction Gas Pressure During Growth 
As we have described previously, the reactor utilized for this study operates at low 
pressures (1.4 Torr) due to the continuous pumping of the reaction gas mixture through a 
scroll pump. The pressure in the reaction chamber is measured directly downstream from 
the reactor by a capacitance monometer, and is equivalent to a measurement of the 
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Figure 2-10. (a) Plot of carpet height as a function of pressure for experiments where the 
temperature is fixed at 750 °C, but the carbon flux is increased by decreasing the flow 
velocity of reaction gas. (b) Transmission electron microscope (TEM) image of typical 
material obtained in growth at 25 Torr, suggesting the presence of a mixture few-walled 
nanotubes, SWNTs, and some large structures resembling SWNTs. Scale bar in (b) is 20 
nm. 
reaction gas flow velocity as long as the amount of gas that is continuously supplied to 
the reactor is known. In this sense, having the lowest possible pressure in the chamber 
results in having the largest reaction gas flow velocity, which will minimize the number 
of collisions (or, carbon flux) between gas molecules in the reaction mixture and the 
catalyst surface. As the pressure is increased, the flow velocity will decrease allowing for 
more collisions between carbon feedstock molecules (C2H2) and the catalyst surface, and 
hence, the chemical potential will drive the reaction to occur at a greater rate. This is 
important for growth with C2H2, since previous studies have shown that it is over an 
order of magnitude more reactive than any other growth gas (CH2, C2H4, etc.) in 
decomposition over Fe catalyst.78 As a result, the ability to control the carbon flux to the 
catalyst surface by operating at the lowest pressure allows for the widest temperature 
range in which SWNT growth can be achieved, even though the yield of nanotubes 
44 
5 10 15 20 25 30 35 
Pressure (Torr) 
relative to incoming carbon is low since only a small percentage of the available carbon 
is actually catalyzed into nanotubes. In order to increase the yield, one can simply 
increase the pressure of the reaction gas inside of the quartz tube where the carpet is 
growing. We achieve this by partially closing a manual valve located directly before the 
scroll pump, decreasing the flow velocity of the gas until the pressure stabilizes at desired 
value. Once this pressure stabilizes, we rapidly insert the growth substrate into the 
reactor heated to 750 °C and expose the substrate to atomic hydrogen for the typical 30 
seconds. It should be noted that the carpet growth occurs uniformly over the length of 
the chip until ~ 35 Torr, where the carpet height on the side nearest to the hot filament is 
up to 35% different than the carpet height on the side furthest from the hot filament. This 
is expected to be an effect of uneven atomic hydrogen exposure due to a shorter, finite 
diffusion distance of atomic hydrogen at an elevated pressure. Therefore, we only 
measure the average carpet height for carpets grown between 1.4 Torr and 35 Torr, the 
results of which are presented in Fig. 9(a). In this plot, it is evident that the curve is not a 
straight line, as one would expect if the carpet height scales linearly with the number of 
collisions between C2H2 molecules and the catalyst surface. This is most likely an effect 
that is due to the requirement that an active carbon source must penetrate the carpet and 
diffuse through the network before it can reach the catalyst particles at the base of the 
substrate. This sort of effect due to diffusion related carbon supply has been observed 
elsewhere in-situ during the growth of long carpets.100 In our experiments, we find that 
one can increase the pressure in the quartz tube from 1.4 Torr to 25 Torr, which results in 
a carpet that grows to nearly 600 microns in the course of only 30 minutes. This 
emphasizes the same sort of high-yield growth that is achieved during super-growth 
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Figure 2-11. Photograph of a 3-3.5 mm long carpet obtained after growth for 6 hours at 
25 Torr of pressure. A high magnification SEM image depicts the bundle structure of 
nanotubes in the carpet. 
utilizing ethylene. However, one may notice that an increase of-18 in pressure only 
corresponds to a carpet that is about 6 times taller. This indicates that either diffusion 
limitations on the growth rate are affecting the amount of carbon that makes it to the 
catalyst at the base of the carpet, or else there is an abundance of nanotubes which have 
now sprouted additional walls. We note that only near a temperature close to where 
poisoning occurs can we grow such a long carpet by increasing the carbon flux. Growth 
at lower temperatures (600 °C) results in early termination of the catalyst, probably due 
to the overwhelming amount of carbon that is being introduced to a catalyst particle that 
can not support such a rapid rate of growth. In order to better understand this effect, we 
imaged carpets grown at 25 Torr at 750 °C under TEM, with a representative TEM image 
presented in Fig. 9(b). Although we do see a significant (majority) population of 
SWNTs, we also observe the presence of few-walled nanotubes (2-5 walls), among a 
population of very large diameter SWNTs. One such large diameter SWNT is shown in 
the central region of Fig. 9(b), and corresponds to a SWNT with a diameter of ~ 12 nm. 
Raman spectra of carpets grown at 25 Torr indicate an enhanced D band intensity (G/D ~ 
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1.8), which is typically due to a reasonable population of few-walled nanotubes, as 
discussed previously. However, TEM images confirm that between 50-75% of the 
nanotubes have only a single wall, emphasizing this material is a SWNT/FWNT mixture. 
In terms of optimizing growth with respect to total carpet height, it may be acceptable to 
have a reasonable FWNT population (two to four walls) mixed with SWNTs for some 
applications where the ultra-high aspect ratio of the long nanotubes is sought. However, 
in principle if one is able to achieve a significant level of control on the catalyst size, and 
carry out the reaction at a temperature close to the poisoning temperature, it is reasonable 
that such a long carpet can be purely composed of high quality SWNTs. This would be 
the most efficient way to produce SWNTs in this method, even though it may take a 
reasonable level of catalyst engineering to maintain a well-defined catalyst size. 
Although we are underway in achieving this by synthesizing Fe3C>4 particles capped in an 
organic ligand, we took the next step to investigate if this substantial growth rate that is 
maintained at 25 Torr can be sustained for longer than 30 minutes. After growth for a 
period of 6 hours, we observe that we obtain a carpet that is between 3 and 3.5 microns- a 
length that would be expected if growth was continuous over this interval of time. A 
photograph of this long carpet, grown for 6 hours at 25 Torr, is shown in Fig. 11. The 
overall length of the carpet is found to be between 3-3.5 mm tall, with the carpet edges 
taller due to the fact that diffusion limitations are not introduced at the edge of the carpet 
in the same way that they are in the center. Weighing this chip before and after growth, 
the ~ 1 cm by 1 cm chip grew 9.6 mg of nanotubes in total after 6 hours. Although this 
yield is still low compared to the typical yields from methods such as HIPCO, a scale-up 
process could potentially produce grams of nanotubes per day in this method. In 
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addition, since the catalyst remains fixed at the base of the carpet, the nanotubes are ultra-
long and free of Fe impurities, leaving the purification process straight-forward. The 
only issue that plagues this growth method is the less-than-optimal nanotube length that 
will always be achieved due to the fact that the carpet grown inside from the edge of the 
chip is going to suffer from serious limitations due to uneven rates of carbon flux to the 
catalyst based on diffusion limitations. This opens the door for new and innovative 
techniques to grow aligned nanotubes where the catalyst will always be exposed to the 
carbon source, and aligned nanotube growth can potentially take place over meters and 
meters of distance. Inasmuch as the process of carpet growth with a fixed catalyst layer 
at the base can be optimized on a small scale, as we show here, future demands for the 
ultra-long nanotubes that are achieved in this method will require optimization of the 
process itself in order to achieve the goals that still linger from the thought-inspiring 
concepts that have been conceived in the past few decades, such as the carbon nanotube 
•j/r 
space elevator. 
2.6 Conclusions 
We demonstrate here the ability to optimize the process of growing vertically 
aligned single-walled carbon nanotubes in three subsequent steps. First of all, we 
optimize the growth of carpets by including the presence of an oxidant in the reaction gas 
mixture. We find that water provides a highly efficient route toward catalyst preservation 
by surface hydroxylation as well as the etching of amorphous carbon during the growth 
process. This results in active catalyst sites for highly extended growth duration, and 
protects catalyst from ripening and/or carbide formation, two potential effects responsible 
for the early termination of growth without the presence of an oxidant. Next, we provide 
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a detailed study of the effect of temperature on the nanotubes grown in the carpet, 
observing that temperature allows for the ability to tune the deposition rate of carbon on 
the growing nanotube, leading to controllable growth that can be varied between high 
quality SWNT growth and more defective MWNT carpets based on whether the carbon 
flux to the surface overwhelms the rate at which a SWNT can grow. We find that high 
quality SWNT growth is always obtained closest to the "poisoning" temperature, and 
MWNT growth is obtained during growth at the lowest temperatures where carpets are 
found to grow. Finally, we emphasize that by increasing the carbon collision rate at a 
temperature that is near where poisoning occurs, we can achieve the growth of ultra-long 
carbon nanotubes in a highly efficient way. We find that a 6 hour growth can yield a 
carpet that is between 3-3.5 mm long. This work emphasizes that optimization of carpet 
growth can be achieved in a systematic way, and that carpet growth in a hot filament 
CVD apparatus is geared toward this type of optimization. 
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Chapter 3: Recycling Ultra-thin Catalyst Layers for Multiple 
Vertically Aligned Single-Walled Carbon Nanotube Growth 
Cycles 
3.1 Introduction 
The growth of aligned carbon nanotubes on solid substrates has been a topic of 
key interest in recent years. ' 101 The growth of densely packed arrays of aligned 
nanotubes eliminates the dependence on post-growth processing for nanotube alignment, 
and introduces a material that can be directly implemented into new technological 
applications, where nanotube density and alignment are key features of the desired 
material. In addition, the physical properties of single-walled carbon nanotubes 
(SWNT),5' including electrical1 and thermal1 4 conductivity and mechanical 
strength,42'l 5 have made the synthesis of aligned SWNT films even more attractive from 
the standpoint of nanotechnology-based applications.106 The versatility needed for such 
applications is apparent in growth of aligned structures of SWNTs, as aligned SWNTs 
have recently been demonstrated to grow both perpendicular ' and parallel to 
substrates. Applications based on nanotubes grown in aligned structures have rapidly 
£/£ ^"7 1"i 1 AC 
developed in the past few years, and include supercapacitors, adhesive tapes, ' ' 
and membrane filters73 among many others. As these applications develop, the 
bottleneck for their large-scale implementation will be based upon the limitations 
imposed at the growth stage. 
Currently, the fundamental research drivers in carbon nanotube growth reflect the 
movement toward scalable processes for the production of large amounts of aligned 
SWNT material, as well as processes which can yield reasonable control of the nanotube 
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diameter and chirality for specific SWNT-based applications (chiefly in electronics). The 
downfall in the process of vertical array SWNT (carpet) growth is that there is no 
reasonable level of control on the selectivity. Particularly in the case of "supergrowth," 
which is carpet growth assisted by the presence of a small amount of H2O, the nucleation 
density is very high, but the SWNTs have diameters often ranging up to 4 nm or more. 
For many applications, this wide range of high quality SWNT material having a broad 
diameter distribution is acceptable, in which case one will seek to optimize the amount of 
growth that can possibly be achieved by an ultra-thin catalyst layer. On the other hand, 
this broad diameter range is unacceptable for many other applications which require a 
reasonable level of control on the range of SWNT diameters. As a result, sacrificing an 
ultra-high yield in order to only activate catalyst particles in a specific diameter range is 
of significant importance in this case. 
In this study, we present a new technique for achieving size control of the 
activated catalyst species, and emphasize a method by which a catalyst layer can be 
recycled for multiple growth cycles while still retaining a high enough catalyst particle 
density to support carpet growth. The concept of this work is based upon the fact that the 
catalyst remains pinned to the supporting layer during the growth process. Recent work 
by Li et al.m and Iwasaki et al.m both have indicated that thick MWNT and SWNT 
layers can be formed by re-exposing the catalyst layer to the carbon feedstock source at 
high temperature. In the case of layered SWNT array growth,110 cooling the first layer in 
the PE-CVD system prior to re-nucleation results in the formation of a capped SWNT in 
the second layer. This emphasizes that more than one growth is possible from the 
standpoint of removing and inserting the sample. Furthermore, Chiu et al. have 
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recently demonstrated the ability to regrow a vertically aligned multi-walled carbon 
nanotube array multiple times using thick (3 nm) layers of Fe catalyst. Here, these 
authors discuss the ability to achieve a high CNT quality following multiple growths 
from the same catalyst, emphasizing the loss of catalyst material occurring in the 
regrowth process. This further bolsters the motivation of our study, which is aimed to 
preserve the nature and morphological characteristics of the ultra-thin (0.5 nm) layer of 
Fe catalyst to support multiple cycles of the highly efficient "super-growth" process. 
Therefore, the goal in the work presented here is two-fold. In the first case, we 
present a technique by which regrowth can be achieved from an ultra-thin catalyst layer 
(0.5 nm thick), and emphasize that an intermediate step to achieve catalyst reactivation 
can be utilized to result in a reasonable level of selectivity in the catalyst activation 
process. Secondly, we demonstrate our ability to recycle a 0.5 nm thick Fe catalyst layer 
to support SWNT carpet growth up to 6 times. Each time, the SWNT carpet is removed 
from the growth substrate and the catalyst is successfully reactivated for an additional 
growth period. This work demonstrates that the same process can lead to a highly 
recyclable or selective growth process, depending on the specific treatment for 
reactivation. 
3.2 Experimental Details 
In this study, carpets were grown in a rapid insertion hot filament chemical vapor 
deposition (HFCVD) apparatus,75'89' m where atomic hydrogen is created with a hot 
tungsten filament in order to reduce the Fe catalyst quickly for efficient SWNT carpet 
growth. Utilizing water-assisted ("super-growth") conditions with C2H2 decomposition, 
a typical carpet having a height between 600 - 700 nm was obtained in 30 minutes at a 
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reaction pressure of 25 Torr. This length was preferable to study the yield in regrowth 
since measurement errors in carpet densities and carpet heights were minimal. In order to 
investigate the regrowth, a carpet was grown on a large chip (~ 1.5 cm wide and 4 cm 
long) and broken into two pieces, having dimensions approximately 0.5 cm x 4 cm, and 1 
cm x 4 cm. The smaller piece was studied via Scanning Electron Microscopy (SEM) and 
optical spectroscopy, and the other was utilized for the second growth. In order to 
remove the carpet for a second growth, the carpet is removed from the substrate by 
pressing a piece of adhesive material on the top of the carpet and removing it. This 
process works with a range of adhesives, including carbon, scotch, or Teflon tape, even 
though this technique seemed to be ineffective for removing the second carpet growth. In 
order to achieve multiple regrowths, we utilized the H2O etch process following 
growth113 that was recently developed to free the strong metal-carbon bonds which form 
during cooling when the SWNT remains attached to the catalyst particle. In these cases, 
the growth was carried out at lower pressures (1.4 Torr) due to the optimization of the 
etch process for this low-pressure condition, and the uniformity of the length was 
measured through the electrical resistivity of the transferred film with an Alessa 4-point 
probe in 3 identical spots in each case. This is necessary due to the impractical nature of 
breaking multiple pieces to study from the same growth substrate in a consistent way. It 
should be noted that in all cases, the "regrowth" is carried out under identical conditions 
as that of the first growth. 
3.3 Single Regrowths: Selectivity in Reactivation of Catalyst 
In the first studies carried out, the carpet was removed from the growth substrate 
and immediately placed back into the reaction gas flow for a second growth period, with 
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no reactivation step. When this was performed, a low yield in re-grown SWNTs is 
achieved, with mats of SWNTs between 2-3% of the height of the original carpet (-13 
jum) formed in identical growth conditions. This led us to consider the different ways in 
which better regrowth could be achieved. To begin, three different methods were 
considered for catalyst reactivation via oxidation: ultraviolet (UV) ozonization, brief 
oxygen plasma treatment, and annealing in the presence of air. We observed that the best 
regrowth took place after annealing in air, even though we were able to achieve up to 
10% regrowth by ozone/UV treatment, and always less than 2% regrowth with brief 
oxygen plasma treatments (no better than not treating the catalyst layer). This allowed us 
to search for the optimum catalyst reactivation conditions by changing both the annealing 
time and temperature of the chip in the presence of air. The results of these experiments 
are presented in Fig. 1, as the percentage of regrowth is plotted as a function of annealing 
temperature and time. It should be noted that in order to account for slight 
inconsistencies in carpet growth from one case to the next, the first and second growth 
were measured independently for comparison. For each data point, the regrowth reported 
is averaged over several height measurements taken through SEM. Fig. 1(a) illustrates 
the percentage of regrowth as a function of temperature, when the exposure time at that 
temperature is 1 minute. The inset image illustrates the clean removal of the carpet from 
the growth substrate with an adhesive. Although full regrowth was never achieved, it 
should be noted that at 550° C for 1 minute, the part of the growth substrate nearest to the 
tungsten hot filament had carpet heights that were comparable to that of the first growth 
(~ 85 %). However, the carpet height was non-uniform, with heights further away from 
the hot filament of only about 50% of the height of the first growth, so that the 
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Figure 3-1. (a) Percentage of regrowth, measured by comparing the average heights of 
first and second growth, as a function of both (a) temperature, with 1 minute exposure 
time, and (b) exposure time, at 330° C. Inset in (a) is an image of a carpet being removed 
from a Si chip, and inset in (b) is a close-up view of the percentage of regrowth in the 
first 60 seconds of reactivation time, with a quadratic fit. 
average regrowth was only 58%. It should be noted that uniformity would be achieved if 
one reduced the size of the substrate or decreased the pressure, even though the substrates 
utilized in this study were large (4 cm long), and the diffusion distance of atomic 
hydrogen produced by the hot filament is short compared to this distance. After 
increasing the annealing temperature past 550° C, the average regrowth is observed to 
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decrease. A similar trend is also evident in the percentage of regrowth as a function of 
reactivation time shown in Fig. 1(b), where longer than 1 minute of high temperature 
exposure in air results in a decreased percentage of regrowth following a linear trend with 
time. This suggests that there are two competing effects which control the optimization 
of regrowth. The first must be the oxidation and reactivation of catalyst particles. Since 
the solubility of carbon in Fe decreases as the temperature decreases,114 the particles 
likely solidify in a FesC or similar carbide state that is likely coated with a carbon outer 
shell. Therefore, in order to re-grow, the carbon shell around the catalyst must be broken 
and the catalyst itself converted from an iron-carbide to an iron-oxide state for another 
reduction cycle. This process is similar to that required in HiPCO in order to expose and 
etch the catalyst.115 Next, there seems to be a "poisoning" effect due to the alumina 
substrate when the reactivation temperature is raised too high. This could be a ripening 
effect of Fe-0 into the bulk of the alumina, which is a thermodynamically available state 
since an e-beamed alumina layer will be relatively porous. This general picture 
describing these two competing effects is confirmed by X-ray photoelectron spectroscopy 
(XPS) data, shown in Fig. 2. This data is relative to a charge reference of adventitious 
carbon with a binding energy of 285.0 eV. First of all, the Fe2P3/2 spectra for a regrowth 
substrate where the carpet is removed with no intermediate annealing step has a binding 
energy peak well-fit to a Gaussian with center of 707.8 eV. This peak position is too low 
in binding energy to correspond to an oxide state of Fe, as such peaks are above 710 eV, 
in general. Instead, this peak is closer to that for metallic Fe (707.1 eV), and seems to be 
closest to the binding energy determined for Fe in an iron carbide compound.116 
However, only 15 seconds of annealing in air at 330° C transforms the 
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Figure 3-2. X-ray photoelectron spectroscopy binding energies for(a) Fe 2P3/2 electrons 
(b) A12P3/2 electrons, after transfer of the carpet off the growth substrate and exposure to 
air at 330° C for different amounts of time. 
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catalyst back into Fe203, with a binding energy in the range of 711 eV. Next, the Al 
2p3/2 spectra shown in Fig. 2b in the case of no intermediate annealing step indicates a 
binding energy peak position for Al of 75.3 eV. As the annealing time is increased, an 
evident shift in binding energy takes place and peak positions shift toward lower 
energies, with Gaussian centers at 74.91 eV (15 sec), 74.77 eV (1 min), and 74.65 eV (30 
min), with FWHM constant at 1.7 eV, yielding a good fit in each case. This consistent 
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trend in electron binding energies can be representative of a difference in the state of the 
AI2O3. The peak position after a 30 minute anneal probably represents a restructuring of 
the AI2O3 layer into a near fully dense crystal structure that is closer to bulk AI2O3, whose 
binding energy is at about 74.7 eV.118 It is likely that during this process, Fe-0 will also 
slowly ripen into the structure of the AI2O3, created a mixed metal oxide that is a 
thermodynamically stable configuration. Although this remains to be completely 
determined from a detailed experimental perspective, it is evident for this study that the 
inability to re-grow from a recycled catalyst layer is tied to this difference in chemical 
identity of the alumina. 
In addition to the ability to re-grow a significant percentage of carbon nanotubes 
produced in the first growth- which is attractive from the standpoint of production- it is 
also of interest to us to have control over the nanotube diameters grown in the carpet. 
Such control is desirable in carpets because they are already grown in a dense, aligned 
configuration that is highly attractive for many applications. However, the inability to 
control the diameter distribution makes this growth technique unattractive to many 
applications, such as membrane filtration for water desalination,73 where diameter control 
is a highly important factor. In this work, we employed both Raman and fluorescence 
spectroscopy to monitor the diameters of re-grown SWNTs, in addition to measurements 
of SWNT carpet density. Size-selectivity in second growth is apparent in Raman spectra 
of SWNT radial breathing modes (RBM), shown in Fig. 3. For these measurements, a 
633 nm laser, with the electric field parallel to the direction of carpet alignment, was 
focused on the side of as-grown carpets. The spectra shown in Fig. 3 are then normalized 
to the RBM located at 180 cm"1, which has the dominant signal in each case. It is 
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Figure 3-3. (a) SWNT Radial breathing modes from polarized Raman spectroscopy, 
with the light polarization parallel to the carpet alignment. Measurements were taken 
with a 633 nm laser for carpets re-grown under 1 minute of exposure to air at 
temperatures ranging between 23-330° C. (b) Illustration showing the concept of the 
catalyst particle size dependence in the thermal reactivation process. 
evident that the diameter distribution of SWNTs in carpets grown before peeling is 
mostly populated by larger diameter nanotubes, with RBMs at frequencies lower than 
220 cm"1, corresponding to SWNTs with diameters larger than about 1 nm. After peeling 
and exposure of the catalyst to air at room temperature, the RBMs located at higher 
frequencies (between 245 and 270 cm"1, with diameters in the range of 0.82-0.91 nm) 
appear, indicating a significantly larger percentage of smaller diameter nanotubes grown 
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in the carpet. As the temperature of heat treatment in air increases, the relative intensity 
of the RBMs in the range of 245-270 cm"1 decreases and the breathing modes at low 
frequencies, around 100-150 cm"1, once again appear. Upon increasing the heat treatment 
temperature to 330° C and above, the RBMs look almost identical to that observed in the 
first growth, indicating that size selectivity is lost by reactivating catalytic particles of all 
sizes. It should be noted that the presence of large nanotubes is suggested by the broad 
RBM peak in the Raman spectra located close to the low frequency filter at 100 cm", and 
is consistent with TEM measurements on material typically grown by this technique. It 
should be also noted that the G/D ratio for the sample reactivated by just room 
temperature treatment in air (23 C in Fig. 3) was ~ 12, indicating a defect-free SWNT 
population in this case. The G/D ratio for the as-grown sample was ~ 3, and the G/D 
ratio for the carpet grown from the catalyst layer reactivated by annealing at 330°C was ~ 
3.5. The low G/D ratio is typically indicative of some nanotubes having between 2-4 
walls (less than 25 % in TEM) that grow under conditions of elevated pressures (25 
Torr), which was the case for this study. 
In addition to Raman spectroscopy, photoluminescence (PL) spectroscopy is 
another secondary tool for characterizing diameter dependent properties of 
semiconducting (typically about 2/3 of the total population) single-wall carbon 
nanotubes.95 PL measurements, shown in Fig. 4, were carried out on solutions of re-
grown carpets suspended in 1 wt% sodium deoxycholate solution, after 1 hour of bath 
sonication and 20 minutes of tip sonication at 38% amplitude. Since it is evident in the 
Raman spectra that the effects of annealing are most evident in the population of small 
diameter SWNTs, PL offers insight into the relative constituents of this population. The 
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Figure 3-4. (a) Relative fluorescence emission spectra from surfactant suspended, re-
grown carpets with air exposure at temperatures between 23-330° C, excited with a 785 
nm diode laser. Intensities are normalized to the peak for a (7,5) SWNT to emphasize the 
relative intensity of larger fluorescent tubes as a function of annealing temperature. 
Numbers on j>-axis are relative to data in the 660 nm fluorescence spectrum (not shown). 
(b)-(c) Relative peak intensities for the (10,5), and (9,7) nanotubes as a function of 
temperature. These are the two largest nanotubes in the 785 nm fluorescence spectra. 
intensities in Fig. 3-4 are normalized to the peak for a (7,5) SWNT, which indicates the 
relative ratios of larger and smaller SWNTs in the solutions. Consistent with the results 
obtained by Raman spectroscopy, the relative PL intensities of the larger diameter 
SWNTs in the spectra increase with the elevated annealing temperature up to 330°C, and 
stay relatively constant at higher temperatures. This is apparent by noting the relative 
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intensities of the two largest peaks in the 785 spectra, the (10,5) peak and the (9,7) peak 
with emissions at ~1270 nm and 1340 nm, respectively. This again suggests the same 
size-dependence of the reactivation process, where thermal energy in an oxygen rich 
environment (air) allows activation of only a certain distribution of particle sizes, 
determined by the annealing temperature. However, between 330-550°C, all particle 
sizes traceable through PL and Raman spectroscopy are reactivated for second growth, 
and relative intensities of the larger SWNTs in the spectra do not change significantly. 
This result is consistent with measured carpet densities, shown in Fig. 3-5, which were 
calculated by weighing the growth substrate before and after growth with a high-
precision balance, and taking the height and surface area of growth into account. Due to 
the very thin nature of the carpet grown with room temperature catalyst reactivation, no 
density measurement was possible. However, the volumetric density measured for the re-
grown carpet having a catalyst layer annealed at 150°C was measured to be only 11.5 mg 
/cm , which was about one third of the volumetric densities of the first growth, which 
were in the range of-30-35 mg/cm . As the temperature of the catalyst anneal is further 
increased, the density also increases until ~ 330° C, where the carpet density does not 
seem to change from ~ 22 mg/ cm as the anneal temperature is further increased. This 
trend, evident from Fig. 3-5, is in good agreement with observations made in PL 
measurements and Raman spectroscopy emphasizing that activation of only the smallest, 
unstable catalyst particles occurs under thermal annealing experiments in air. In fact, the 
same trend in Fig. 3-5 is evident by analyzing the results of Fig. 3-4(b) and 3-4(c)-
suggesting this size dependent activation process is taking place. Also, there is a 
consistently lower density between carpets grown from the "fully" activated catalyst 
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Figure 3-5. Volumetric density of the re-grown carpets in mg/cm3, as a function of the 
thermal reactivation temperature of the catalyst layer prior to regrowth. 
layer and carpets grown from a fresh catalyst layer. This could be due to the possibility 
of either (i) the removal of some catalyst by the carpet removal process, or (ii) some 
dynamic catalyst interaction during growth which changes the areal particle density on 
the surface. It is likely that the latter is the case since we have recently experimentally 
verified that Ostwald ripening takes place during growth, which in turn leads to a lower 
catalyst particle nucleation density in a subsequent growth process. As growth rates in 
"super-growth" are critically dependent upon the thickness of the catalyst layer (and 
hence, particle size and density), both of these possibilities are significant factors that 
could contribute to the inability to recover a carpet with thickness identical to that of the 
carpet in the first growth with a recycled catalyst layer. 
3.4 Multiple Regrowths 
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In principle, the ability to utilize a 0.5 nm thick catalyst layer for an indefinite 
number of growth experiments is the driving concept in the ability to re-grow from the 
same substrate. Utilizing the method where the carpet is removed from the growth 
substrate by simply peeling away the carpet following growth was found to be 
problematic, since the second growth was often slightly non-uniform in height, and 
would not always be cleanly removed from the growth substrate with an adhesive. 
However, removal of the carpet with an adhesive tape was effective after following a 
procedure that we recently developed to break strong carbon-metal bonds at the SWNT-
catalyst interface following growth. This involves a brief 1 minute etch with only 
H2O/H2 at an elevated temperature,113 which will slowly etch amorphous carbon and 
SWNT ends. Following this treatment, we found that a carpet can be removed from the 
substrate, subjected to the thermal annealing step described previously, and re-grown for 
up to 5 more times. We found in two isolated experiments, that the 6th regrowth involved 
matted surface growth of nanotubes, but that no dense aligned structure was obtained. 
For the purposes of this experiment, we performed growth at lower pressures (1.4 Torr), 
where the growth rate is slower (due to a lower acetylene partial pressure), and for a 
shorter growth period of only 15 minutes, compared to 30 minutes previously. The 
reasoning for this is that there is no further need for ultra-long growth, since the carpet 
can not practically be imaged via SEM between each growth experiment. In addition, 
shorter growths were performed since it was unclear in the beginning how many times 
the carpet would be re-grown. In order to characterize the thickness of the carpet, the 
carpet was removed from the chip by attachment to a piece of two-sided insulating 
adhesive tape. Following the multiple regrowths, the resistance of the carpets was 
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Figure 3-6. The ratio of the resistivity after N regrowths from a recycled catalyst layer 
and the resistivity of the first carpet grown from the fresh catalyst layer, as a function of 
the total number of regrowths. Note that an increase in this ratio indicates a thinner 
and/or less dense re-grown carpet. 
measured via a 4-point probe setup. The concept of using the resistivity as a gauge of the 
thickness should be acceptable as long as the carpet is removed under identical conditions 
each time. Since the resistivity is directly proportional to the thickness of the material, 
the difference in the measured resistivity from the exact same point on the carpet in 
successive regrowth cycles can be attributed to the difference in SWNT carpet thickness, 
and/or density. It should be noted from Fig. 3-5 that even under the optimal conditions 
for re-activating the catalyst layer, the SWNT density is still slightly lower than that of 
the first growth. This means that the resistivity measurement treats the total SWNT 
thickness as an "effective" thickness that is coupled to both the carpet height and density. 
In this way, the resistivity measurements give insight into changing bulk features of the 
65 
SWNT array when a detailed height measurement is not obtainable. Figure 3-6 presents 
the resistivity, normalized to the resistivity for the first carpet growth, as a function of the 
number of successive regrowths on the same chip. In each case, after transfer, the 
catalyst layer was exposed to a 1 minute air exposure at a temperature of ~ 400°C, as 
described previously. As shown in Fig. 3-6, the resistivity increases as the number of 
regrowths continue until the 6th regrowth (or 7th growth), where the growth achieved is no 
longer carpet growth but rather thin matted growth (the latter is not shown in Fig. 3-6). 
This result emphasizes a few possibilities which could reside at the heart of some 
fundamental questions in terms of high density surface-supported SWNT catalysis. Of 
particular interest is a comparison of the ratio of conductivity upon successive regrowths, 
which emphasizes that a rapid increase in resisitivity follows the first growth, even 
though only until the 6th growth does this substantially change. Comparing the second 
and third growths to that of the first, the effective thickness is ~ 65% lower than the first 
growth. This appears to correspond to the changes in carpet height and density in the 
second growth as observed previously in Figs. 3-2 and 5, (but slightly less change due to 
less sensitivity of the carpet height under slower growth conditions). The continuous 
decrease in the thickness of the carpet as it is re-grown emphasizes a process which 
slowly inactivates some of the catalyst particles, similar to that discussed previously in 
the context of super-growth.76 Under the H2/H2O etch process performed here, TEM 
measurements of carpets have indicated that there is essentially no Fe particles residing at 
the ends of the SWNT removed from the growth substrate, meaning that excess Fe is not 
being lost to the growing SWNT array. To further emphasize this point, carbon densities 
for carpets grown at 1.4 Torr under the conditions for the multiple regrowth experiments 
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are measured to be ~ 60 mg/cm3.112 With assumptions for average catalyst particle size 
and SWNT diameter being ~ 4 nra and 3 nm, respectively, our calculations indicate that 
over half of the catalyst particles must be activated in the growth process to achieve these 
densities. This is consistent with the estimation that the water-assisted growth technique 
activates ~ 84 % of all catalyst particles in growth.119 As a result, if even 1/3 of the 
catalyst was being removed from the AI2O3 support by the transfer to an adhesive tape, it 
would be likely that even the second growth would not result in a carpet since this 
process is highly sensitive to the catalyst thickness and hence, the areal density of catalyst 
particles on the surface. On the other hand, the difference in carpet height could be due 
to a dynamic catalyst behavior that is somehow inactivating some of the catalyst particles 
over time - meaning that irrespective of the reactivation technique, the same particle size 
distribution and areal density can not be achieved in a regrowth experiment. This is 
likely due to one or a combination of a few effects that are currently being understood 
relevant to highly dense SWNT carpet growth. The first of these is Ostwald ripening, 
which has recently been shown to be a serious issue in SWNT carpet growth over 
extended periods of time. In as little as 15 or 30 minutes, ripening effects clearly 
change the catalyst particle density on the surface, which could result in a second or third 
growth from a complete 0.5 nm thick catalyst layer will be slightly different in height 
and/or density. The second possibility is the formation of a stable mixed metal oxide 
between the Fe and Al203 as the catalyst layer is annealed in air. Although this is also a 
ripening effect, it will involve Fe-0 diffusing into the network of pores that is usually 
present in a thin, amorphous e-beam AI2O3 coating, instead of only ripening into larger 
Fe particles on the surface itself. In order to better characterize the effect of regrowth in 
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Figure 3-7. Radial breathing modes and D and G bands in Raman spectra for successive 
carpet regrowths from the same catalyst layer, for (a) 633 nm and (b) 785 nm excitations. 
the framework of dynamic catalyst behavior, we performed Raman spectroscopy on the 
carpets grown in each of the regrowth cycles presented in Fig. 3-6. Raman measurements 
were taken at two different excitation energies (wavelengths of 633 nm and 785 nm), 
with the low frequency breathing modes and D and G bands of the Raman spectra 
presented in Fig. 3-7. From this data, a few trends emerge which give some insight into 
nature of the SWNTs grown in successive regrowth cycles. In the first case, the D and G 
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bands (~1300 and 1590 cm"1, respectively) do not appear affected by successive 
regrowths, with the D/G ratio (hence the "quality") of the SWNT approximately the same 
in all regrowth cycles. However, there is a very clear and consistent trend among the 
lower frequency SWNT diameter dependent radial breathing modes (RBMs), which are 
normalized to the G band in Fig. 3-7. Under both excitation wavelengths, the first grown 
carpet has a significantly greater number of overlaid RBMs close to the cut-off filter for 
the Raleigh line- similar to that shown in Fig. 3-3(a). As the number of successive 
regrowths increases, the larger diameter RBMs (at the lowest frequency) become less 
prevalent, while the higher frequency RBMs (up to 250 cm"1) become stronger relative to 
the G peak. This means that some process is occurring which is, in successive multiple 
regrowth cycles, leading to the eventual shrinking of the particles and the growth of 
smaller diameter SWNTs. It should be noted that this wouldn't be the case if the catalyst 
was static, and the lower density observed in second and successive regrowth cycles was 
actually due to detachment of the catalyst along with the removed SWNT array, since 
there should be no reason for selective removal of only the large catalyst particles. 
Alternatively, the process of Ostwald ripening should lead to a distribution of shrinking 
catalytic particles, among a distribution of large, growing particles that will likely be 
inactive under the reaction conditions optimized for SWNT growth. Although further 
studies isolating dynamic catalyst behavior in these thin catalyst films are currently 
underway, it should be noted our limitation to re-grow SWNT arrays from a re-activated 
catalyst layer supporting super-growth is likely tied to irreversible catalyst migration. In 
that sense, further techniques to impede the atomic diffusion of alumina supported 
catalyst supporting super-growth of SWNT arrays could not only be useful toward 
69 
enhancement of the catalyst lifetime, but also useful in creating robust, static catalyst 
layers supporting the most efficient process of SWNT super-growth that can be re-
activated and re-used multiple times. 
3.5 Conclusions 
In summary, we present a simple technique to recycle a 0.5 nm thick catalyst 
layer for the growth of vertically aligned single walled carbon nanotubes having 
thicknesses comparable to the first growth. In the first case, we emphasize that a 
termination of all catalyst particles by rapid cooling in a carbon rich environment allows 
one to obtain selectivity in a second growth based upon the technique utilized to 
reactivate the particles. Secondly, we show that under conditions where all catalyst 
particles are reactivated, regrowth of an aligned carpet can be achieved up to 5 
subsequent times from the first growth. Based on these results, we discuss the inability to 
fully re-grow a carpet from a recycled catalyst in the framework of dynamic catalyst 
behavior taking place during the growth process, limiting the ability to re-nucleate the 
same SWNT density as in the first growth. This work presents a new technique for 
achieving selectivity in carpet growth, and opens the door for future studies of some 
concepts that are fundamental to understand in achieving both multiple growths from a 
recycled catalyst layer as well as highly efficient extended growth of SWNT carpets. 
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Chapter 4: Ostwald Ripening Induced Termination of 
Vertically Aligned Carbon Nanotube Growth I. The Role of 
H2O 
4.1 Introduction 
Vertically oriented single-walled carbon nanotube (SWNT) carpets or forests 
grown by catalytic chemical vapor deposition (CVD) have received enormous attention 
because of their suitability in a growing number of important technological 
applications. Although the ultralong, aligned SWNTs which can be attained by this 
growth method are promising for such applications, the lack of understanding associated 
with growth termination after micron-tall carpets are attained limits their widespread 
appeal.31 This problem is compounded by the limited understanding of the complicated 
process associated with carpet growth. So far, termination of carpet growth has typically 
been framed as a "poisoning" effect that occurs at high temperatures. ' Although the 
mechanism behind poisoning is not yet understood, there have been studies which 
attribute the termination of carpet growth to the accumulation of amorphous carbon on 
active catalyst sites93'124 or the interdiffusion of the catalyst with the substrate resulting in 
the formation of a silicide.125 Recent work by Harutyunyan et al. emphasizes that the size 
of the catalyst particle can play a key role in stabilizing a carbide phase based on the 
pressure dependence in accordance with the Young-Laplace equation.94 On the other 
10ft * 
hand, a recent study by Han et al. demonstrates that both diffusion limitations and 
spontaneous catalyst deactivation are not the dominant mechanisms of growth 
termination in their SWNT carpets. They hypothesize that growth termination occurs as 
a result of a chemical-mechanical coupling of the top surface of the film, which causes an 
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energetic barrier to the relative displacement between neighboring nanotubes. Without 
mention, this topic of growth termination remains as one of the most important and 
elusive concepts in the field of carpet growth, leading to many hypothetical explanations 
for "poisoning," with no dominant mechanism emerging. 
To promote and sustain the growth of SWNT carpets, Iijima's group advanced an 
approach whereby H2O was used as a protective agent against amorphous carbon coating. 
The water-assisted CVD growth (also referred to as "supergrowth") revealed that the 
activity and lifetime of the catalysts are dramatically enhanced by introducing a well-
defined, limited amount of H2O into the growth chamber, resulting in the rapid growth of 
highly dense, vertically aligned SWNT carpets of high purity with heights up to 2.5 mm 
after 10 min. 6 '76 Zhang et al.82 also reported a molecular oxygen-assisted growth of 
ultrahigh-yield SWNT carpets with heights up to 10 urn after 10 minutes by plasma-
enhanced CVD. These results emphasize that oxidants are generally capable of 
increasing the activity and lifetime of the catalyst for growth of carpets. Supergrowth 
represents a major breakthrough in the field; the catalyst activity (i.e., number of catalysts 
which grow nanotubes) in supergrowth is estimated to be 84% (±6%), the highest ever 
recorded for nanotube growth, and it is expected that growth with catalyst activity 
approaching 100% may be achieved in the future.119 This motivates our desire to 
understand the mechanism by which catalytic activity is preserved when an oxidizing 
agent is present during growth, and specifically to understand the role that a dynamic 
catalyst ripening process may play in this growth technique. 
4.2 Ostwald Ripening 
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Ostwald ripening is a phenomenon whereby larger particles grow in size while 
smaller particles, having higher strain energy, shrink in size and eventually disappear via 
atomic interdiffusion. As Oswald ripening proceeds, the number of particles decreases 
while the average catalyst diameter and the spread in the particle size distribution 
increases. Previous studies have shown that the catalyst size distribution and nanotube 
growth are strongly dependent on conditions in which the catalyst film is annealed. ' 
To compliment these studies, the data we present here provide evidence that an important 
difference exists between the catalyst morphology evolution during thermal annealing 
with and without water, and that this can be fully interpreted in the framework of Ostwald 
ripening. 
4.3 Experimental Details 
The thermal annealing of the catalyst in hydrogen alone (H2) and with water 
(H2/H2O) and carpet growth with water (H2/H2O/C2H2) and without water (H2/C2H2) 
were performed in the same C VD chamber. A detailed description of the CVD chamber 
and the reaction conditions for SWNT carpets are given elsewhere.79 The substrate 
consists of boron doped silicon (Si) (100) wafers with a 100 nm AI2O3 film deposited by 
atomic layer deposition (ALD) supporting a 0.5 nm thick Fe film deposited ex-situ by e-
beam evaporation. The furnace was preheated to 750 °C, and the substrates were rapidly 
inserted into the furnace and annealed in both H2 and H2/H2O at 1.4 Torr for 30 seconds 
and 5 minutes (without C2H2). The respective flow rates were 400 seem H2 and 2 seem 
H2O. Prior to carrying out thermal annealing of the substrates in H2, the incoming gas 
lines were resistively heated for 60 minutes at a background pressure of 1 x 10"6 Torr. 
This ensured the removal of residual H2O during these experiments. After thermal 
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annealing, the samples were rapidly cooled. The same process was carried out when the 
catalyst was exposed after carpet growth, except that 2 seem C2H2 were included in the 
reaction gas mixture, and tungsten hot filament was utilized in the first 30 seconds in 
order to quickly reduce the catalyst particles for growth. Following SWNT carpet growth, 
the catalyst layers were exposed by removing the carpets using two different techniques: 
oxidation and carpet lift-off, and oxidation and carpet burn-off in air. Prior to lift-off, the 
samples were briefly heated in air to oxidize the SWNT ends, breaking the SWNT-
1 1 1 
catalyst bonds to aid the lift-off process. We found this to be effective in leaving the 
catalyst layer fully in-tact on the catalyst support. After the oxidation step, the carpets 
were removed by using an adhesive tape. In order to substantiate that no catalyst was 
being selectively removed from the substrate by the lift-off process, we also oxidized the 
SWNTs in air at 600 °C to expose the catalyst. 
A field emission transmission electron microscope/scanning transmission electron 
microscope (S/TEM) (80-300 Titan) from FEI Corporation was employed for studying 
the ripening behavior of the catalyst. For TEM sample preparation, the sample was cut to 
a 3 mm disk and the backside of the sample was hand-polished and dimpled down to 
about 5-10 urn at the center of the sample. Then, the sample was ion-milled from the 
backsides at a 4.5 degree angle and at 4.5 kV using a Gatan PIPS until the small hole at 
the center of the sample was made. The samples were further characterized by atomic 
force microscopy [(AFM) Digital Instrument Nanoscope Ilia] operating in the tapping 
mode with a scan rate of 1.5 Hz. 
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Figure 4-1. (a) Plot of the SWNT carpet height as a function of the growth time for 
reactions with H2O and with no oxidant, (b) FESEM image of SWNT carpet grown 
using 0.5% C2H2 with H20. 
4.4 Results 
To demonstrate the lifetime of the catalysts, the dependence of the SWNT carpet 
height and the continued growth of the carpet on the presence and absence of water in the 
CVD chamber is shown in Figure 4-la. Using the supergrowth conditions, highly dense 
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Figure 4-2. Plan-view TEM images of Fe203 nanoparticles formed on the substrate after 
annealing in H2 for (a) 30 sec and (b) 5 min, and in H2/H20 for (c) 30 sec and (d) 5 min. 
A reduction in the number of catalyst particles occurs from 30 sec to 5 min. Each catalyst 
particle that disappears can no longer support nanotube growth. The number of catalyst 
particles in the H2/H20 is higher than that of H2 alone, implying a higher number of 
growing nanotubes. 
SWNT carpets of high quality were grown; a representative FESEM image of a typical 
SWNT carpets growth using 0.5% C2H2 with H20 is shown in Figure 4-lb. Detailed 
characterization of the SWNT carpets is reported elsewhere.75'm In the presence of H20, 
the carpet height increased linearly with growth time up to 120 minutes implying a long 
catalyst lifetime, whereas in the absence of H20, the carpet height remained roughly 
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Figure 4-3. Plots of the catalyst particle diameter distributions after thermal annealing in 
(a) H2 and in (b) H2/H20. 
constant (~ 10-20 urn), suggesting the early termination of growth occurs before 15 
minutes. Repeated experiments under supergrowth conditions reveal that the carpet 
height continued to linearly increase even up to six hours. It is clear from these results 
"J ft 
and others that H20 plays a crucial role in sustaining SWNT carpet growth. 
In order to understand the role of water during supergrowth, we have studied the 
morphological restructuring of the Fe catalyst film under typical CVD growth conditions 
in H2 and H2/H20 at 750 °C as described previously. The plan-view TEM images of the 
Fe203 catalyst nanoparticles formed on the A12C>3 substrate after thermal annealing in H2 
and H2/H20 for 30 seconds and 5 minutes are shown in Figures 4-2a through 4-2d. The 
TEM images reveal a significant difference in the ripening behavior of the catalysts in 
these ambient even after 30 seconds. Severe ripening of the catalyst is observed after 
thermal annealing in H2 for 5 minutes while the catalyst remain considerably stable even 
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after 5 minutes of thermal annealing in H2/H2O. This observation is consistent with the 
data present in Figure 4-la, where we demonstrate that the presence of H2O extends the 
lifetime of active catalyst particles during carpet growth under the same conditions. 
The plots of the catalyst particle diameter distributions after thermal annealing in 
H2 and H2/H2O are presented in Figure 4-3a and 4-3b, respectively. The results were 
obtained from their respective TEM images by measuring the diameters of the 
nanoparticles in a 200 x 200 nm area. The number densities of catalyst nanoparticles for 
samples annealed for 30 seconds and 5 minutes in H2 were 348 and 264 particles per (200 
nm)2 while the number densities for samples annealed in H2/H2O for 30 seconds and 5 
minutes were 544 and 420 particles per (200 nm)2. The number of particles reduces with 
time, which is consistent with Ostwald ripening, and the Ostwald ripening rate is lower 
for the sample annealed in H2/H2O compared to that annealed in H2 alone. From these 
results, it is clear that the number densities of nanoparticles formed after thermal 
annealing in H2/H2O are higher than those obtained after annealing in H2, consistent with 
Ostwald ripening. Such a decrease in the number of particles observed over time with 
larger particles growing at the expense of smaller ones has also been observed for Au 
catalyst droplets on Si(l 11).129 
Further, the mean diameters of the nanoparticles for catalysts annealed in H2 after 
30 seconds and 5 minutes were 10.1 ± 2.1 and 10.5 ± 5.5 nm while those annealed in 
H2/H2O were 6.2 ± 1 . 4 and 6.8 ± 2.2 nm, respectively. The mean diameters were 
obtained from a measurement of 120 nanoparticles. Unlike thermal annealing in H2, 
annealing in H2/H2O resulted in nanoparticles with smaller mean diameters and the 
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Figure 4-4. AFM images of catalyst nanoparticles formed on the substrate after thermal 
annealing in (a) H2 and (b) H2/H2O for 30 sec. 
standard deviations (narrower peak widths) as shown above were also lower. From the 
TEM results shown in Figure 2, it is apparent that for samples annealed in H2 there is a 
significant coarsening of the nanoparticle catalysts with both an increase in the mean 
diameter as well as a significant broadening of the diameter distribution. These results 
demonstrate that H2O suppresses the ripening of the catalysts and may also account for 
the narrow diameter distribution of SWNTs observed previously.79 
Figure 4-4 shows the AFM topography images of the Fe2C>3 nanoparticles formed 
on the substrate after thermal annealing in H2 and H2/H2O for 30 seconds. Consistent 
with the TEM results, the AFM scans reveal that the nanoparticles formed on the 
substrate upon thermal treatment in H2/H2O ambient are significantly smaller in size than 
those formed in H2 ambient. In fact, for samples thermally annealed in H2/H2O, it was 
difficult to resolve some of the smaller nanoparticles due to the limited resolution of the 
AFM. AFM analysis revealed that the mean feature heights of the nanoparticles formed 
from Fe films thermally treated in H2 and H2/H2O are 3.5 and 2.6 nm, respectively. It is 
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apparent from the TEM and AFM results that the presence of H2O in the reaction 
chamber inhibits the ripening of the catalyst, thus preserving more catalyst nanoparticles 
that have feature heights and diameters less than 3 and 6 nm, respectively. Note that 5-6 
nm Fe203 nanoparticles correspond to Fe nanoparticles in the range of 3-4 nm, which fall 
into the size range selective for SWNT growth. SWNTs with a mean diameter of ~ 3 nm 
are characteristic of growth by this technique and have been characterized by Pint et al. ' 
,J> '"' 11Z and Hata et al. The AFM images presented in Figure 4-4 provide further 
evidence of the inhibitive role of H2O as the ripening of the catalyst nanoparticles is low 
in the case of H2/H2O. 
Having established the Ostwald ripening phenomenon during thermal annealing 
of catalyst films and the effect of water, we then decided to further substantiate that this 
phenomenon can take place during SWNT carpet growth. We performed growth in the 
presence of 2 seem C2H2 and H2 both with and without the presence of H2O. This 
identifies whether ripening can take place after a catalyst particle has successfully 
nucleated a SWNT. Figure 4-5 shows plan-view TEM images of the catalyst layer 
exposed by both catalyst oxidation and SWNT lift-off using an adhesive (a and b) and 
SWNT burnoff in air (c and d). Both sets of results for the catalyst layer exposed by lift-
off and burnoff yield the same result: that Ostwald ripening occurs during carpet growth, 
and that the presence of H2O inhibits the ripening effect. For instance, for the catalyst 
layers exposed by burnoff, the number densities of particles in a 100 x 100 nm area for 
carpets grown in H2/C2H2 and H2/H2O/C2H2 were 48 and 113, respectively. It should be 
noted that the particle sizes in the catalyst layer exposed by burnoff are larger due to 
ripening that occurs during the burnoff process. Nonetheless, these images leave little 
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Figure 4-5. Plan-view TEM images of Fe2C>3 nanoparticles exposed by SWNT carpet 
removal by catalyst oxidation and lift-off (a and b), and SWNT burn-off in air (c and d); 
SWNT carpet growth was carried out in H2/ C2H2 and H2/H2O/ C2H2 for 30 sec. 
ambiguity in the notion that the ripening effect observed in Figures 4-2 through 4-4 also 
occurs during carpet growth. This emphasizes the role that water plays in suppressing the 
ripening of the catalysts during the growth process, and further bolsters the concept that 
Ostwald ripening may play a significant role in the eventual termination of growth itself. 
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Figure 4-6. Schematic of Ostwald ripening of catalysts, and how it is expected to affect 
carpet growth. 
4.5 The Role of Water in Enhancing Growth 
On the basis of these results, we propose that the addition of water in supergrowth 
is in fact a means of inhibiting Ostwald ripening through the ability of oxygen and 
hydroxyl species to reduce diffusion or migration rates of catalyst atoms from one 
catalyst to another across the sample substrate. As important, or perhaps more important 
than the resistance to coarsening, or increasing of catalyst size, is the ability of water to 
stabilize the small catalyst particles and thus delay the collective termination of growth. 
Harmon et al.18 have demonstrated that Ostwald ripening during VLS growth of Si 
nanowires can lead to the termination of growth due to the complete disappearance of the 
catalyst. 
The schematic in Figure 4-6 illustrates the role water plays in inhibiting the 
ripening of the catalyst and how it is expected to affect carpet growth. Our growth results 
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indicate that as the ripening of the catalyst particles in inhibited with the addition of H2O, 
the lifetime of the active catalysts is dramatically enhanced. We hypothesize that during 
carpet growth, metal catalyst atoms desorb from the catalyst particles and diffuse across 
the substrate. Larger particles are energetically favored over smaller particles due to the 
lower fractional surface energy, and therefore absorb more atoms than the smaller 
particles. The larger particles then grow and the smaller particles shrink and disappear 
entirely. Ultimately, when a catalyst particle disappears, or when too much catalyst is 
lost, the nanotube growing from it stops growing. We propose that the reduction in the 
number of particles during heat treatment correlates with the number of nanotubes that 
stop growing. For carpet growth, each terminated nanotube imparts a mechanical drag 
force on adjacent growing nanotubes due to van der Waals forces and interlocking. 
Therefore, it is possible that when enough nanotubes stop growing, the carpet growth 
collectively terminates. Water vapor or hydroxyl groups impede diffusion by temporarily 
complexing with the catalyst atoms. This reduces the ripening rate, thus extending the 
life of the catalysts and resulting in taller carpets. 
4.6 Conclusions 
In summary, the TEM and AFM results support our hypothesis that a major role 
of H2O during supergrowth is the inhibition of the Ostwald ripening behavior of the 
catalyst. Our work demonstrates that water vapor impedes Ostwald ripening of catalysts, 
thus extending their active lifetime. We note that the results of our work are only based 
upon the observation of catalyst ripening and do not allow us to rule out any other 
mechanisms proposed so far to explain supergrowth. It is likely that the amorphous 
carbon etching phenomena proposed by Hata et al.26 is a complimentary effect to the 
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inhibition of Ostwald ripening in water-assisted growth. However, the ability to retard 
the effect of Ostwald ripening to enhance catalyst lifetime in S WNT carpet growth can be 
utilized as a powerful tool to improve the growth, yield, and purity of carbon nanotube 
synthesis. In addition, the ability to negate effects that result in eventual SWNT growth 
termination, such as Ostwald ripening, can provide a direction for future rational catalyst 
design in order to achieve the most highly efficient growth possible. 
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Chapter 5: Ostwald Ripening Induced Termination of 
Vertically Aligned Carbon Nanotube Growth II. The Influence 
of Alumina 
5.7 Introduction 
There has been growing interest in densely packed, vertically aligned single-
walled carbon nanotube (S WNT) carpets because of their suitability in several important 
applications such as, supercapacitors, self-cleaning "gecko" adhesives, nanofiltration 
membranes,121 polymer-nanotube composites,131 and electrodes for lithium-ion 
batteries.132 Among the existing methods for the growth of carbon nanotubes (CNTs), 
catalyst-assisted chemical vapor deposition (CVD) appears to be the most suitable for 
SWNT carpet growth.26'31,113'133 The catalyst commonly used for SWNT carpet growth 
is a thin Fe film (<1 nm thick) supported on an alumina film with thickness in the range 
of 10-200 nm. ' ' ' Using this catalyst and a hydrocarbon feedstock, highly dense 
SWNT carpets of millimeter-scale heights can be achieved via the water-assisted CVD 
growth (or "supergrowth") process advanced by Hata et al. Although the lifetime and 
activity of the alumina-Fe catalyst is enhanced by the supergrowth process, growth 
termination of the SWNT carpets still limits yield. Therefore, to fully achieve the promise 
of SWNT carpets, a rational approach for the design of catalysts with longer lifetime and 
higher activity is required. 
Like other catalytic reactions, the growth of CNTs by CVD is extremely sensitive 
to the nature of the catalyst support.134'135 For instance, while alumina is a good support 
for SWNT carpet growth from Fe catalyst as shown by the increased CNT nucleation 
density, other oxides used for CNT growth such as Si02, Ti02, TiN, and ZrC>2 do not 
appear to support aligned growth. " A characteristic feature of alumina is that it is 
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able to restrict the surface mobility of Fe because of a stronger substrate-catalyst 
interaction. ' ' Similar stabilization effect induced by the substrate-catalyst 
interaction has been observed in other catalysts used for the controlled growth of SWNTs 
such as Co-MCM-41; the stabilization mechanism in this case is hypothesized to consist 
of the incorporation of Co + ions in the silica rings that form the MCM-41 structure.140'141 
Recently, we showed that mass loss due to Ostwald ripening30 and atomistic 
subsurface diffusion of the catalyst during carpet growth are intrinsically linked to the 
growth termination process. Since these phenomena depend in part on the nature of the 
catalyst support, the results of these studies further reinforce the critical role played by 
the support layer. The Fe-alumina catalytic system has been used successfully in 
hydrocarbon reforming, Fischer-Tropsch, and ammonia synthesis reactions, and the 
important role alumina plays as a structural modifier has been well documented.142 
However, there still remain many important areas of Fe-alumina catalytic system not 
addressed, especially in the context of SWNT carpet growth. This includes how the type 
of alumina (based on deposition method) and the porosity affect the evolution, activity, 
and lifetime of the catalyst. This study is a critical step toward establishing a rational 
basis for the design of catalysts with high or infinite lifetime for SWNT carpet growth. It 
is important to note that each type of alumina used as a support has its distinct material 
properties (density, porosity, roughness, and surface energy), and these properties can 
influence the catalyst evolution, and ultimately SWNT carpet properties. 
In the present work, we demonstrate that under SWNT carpet growth conditions 
there is a strong connection between catalytic activity and particle stability. Our results 
reveal remarkable differences in the activity and lifetime of Fe catalyst supported on 
86 
different types of alumina (c-cut sapphire and thin alumina films deposited by different 
methods). These observed differences in their catalytic behavior have been investigated 
further in the context of Ostwald ripening, atomistic subsurface diffusion, and porosity of 
the alumina supports using a combination of microscopic and spectroscopic 
characterization. 
5.2 Experimental Section 
The catalyst consisted of a 0.5 nm thick Fe film deposited by e-beam evaporation 
on different types of alumina films supported on p-type Si (100) wafers. The nominally 
10 nm thick alumina films were deposited by different techniques: atomic layer 
deposition (ALD), e-beam evaporation, and magnetron sputtering. Also used as catalyst 
supports were c-cut single crystal sapphire substrates [0001], and an alumina film 
deposited by e-beam evaporation followed by thermal anneal at 800 °C for 30 min, prior 
to Fe deposition. E-beam deposition of Fe and alumina films were conducted at room 
temperature; the chamber pressures were 7.5 x 10 and 1.5 x 10 Torr, respectively, 
while the deposition rate of Fe and alumina were 0.5 and 2 A /sec, respectively. The 
deposition of alumina films by magnetron sputtering was conducted under 14 mTorr of 
Ar pressure with RF 160 W at room temperature; the deposition rate was ~3 A/min. In 
the case of ALD, alumina films were deposited in N2 ambient at 300 °C with a 
background pressure of ~1 x 10-3 Torr at a rate of 0.9 A/cycle; the precursor used was 
A1(CH3)3. 
In total, there were five catalyst configurations: (a) Fe supported on sapphire 
(sapphire/Fe), (b) Fe supported on sputter-deposited alumina (sputtered/Fe), (c) Fe 
supported on e-beam deposited alumina (e-beam/Fe), (d) Fe supported on thermally 
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annealed alumina deposited by e-beam (annealed e-beam/Fe), and (e) Fe supported on 
alumina deposited by ALD (ALD/Fe). Since the stoichiometry of the amorphous alumina 
films is not known, "alumina" or "AlxOy" is used. 
A detailed description of the CVD chamber and the growth conditions for SWNT 
carpet is given elsewhere.112'143 The furnace was preheated to 750 °C, and the samples 
were rapidly inserted into the furnace while the hot filament was energized. The pressure 
of the chamber was kept at 1.4 Torr. The respective flow rates were 400 seem (standard 
cubic centimeters per minute) H2, 2 seem C2H2, and 2 seem H2O. The catalyst samples 
were exposed to atomic hydrogen generated by a hot filament for 30 s in order to rapidly 
reduce the metal-oxide catalyst particles. In addition, the samples were subjected to 
carpet growth environment in the presence of C2H2 for 1.5, 5, and 15 min. Following 
growth, the SWNT carpets were removed by a procedure described elsewhere. In brief, 
it involved an O2 etch at 600 °C in air for 3 min to remove amorphous carbons at the 
SWNT/catalyst interface, and liftoff of the carpets with clear tape. Thermal annealing 
experiments were also performed for the same duration in the absence of C2H2. 
AFM characterization of the catalyst substrates was carried out with a Digital 
Instrument Nanoscope Ilia system operating in the tapping mode with a scan rate of 2 Hz 
using SisN4 tip cantilevers with a tip curvature radius of less than 10 nm. The cantilever 
oscillation frequency was set ~312 kHz. The height, amplitude, and phase data were 
acquired simultaneously for a scan size of 1 x 1 urn2. The images acquired were flattened 
to remove any tilt in the image, and the statistical roughness was performed at the same 
scale of 1 nm using the WSxM 5.0 software.144 In all measurements, nanoparticle heights 
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as opposed to widths were measured because heights are unaffected by the variations in 
the tip radius, and the minimum cutoff particle height used for analysis was 0.6 nm. 
The microstructure of the various types of alumina-supported Fe catalysts was 
studied using a field-emission transmission electron microscope/scanning transmission 
electron microscope (S/TEM) (80-300 Titan) from FEI Corporation. TEM sample 
preparation followed the procedure described elsewhere.22 The growth products on the 
different alumina-supported catalysts after 1.5, 5, and 15 min were further characterized 
by Raman spectroscopy using a laser excitation wavelength of 633 nm. Raman spectra 
were obtained by removing the as-grown SWNT carpets from the substrate and focusing 
the laser spot on the bottom part of the carpets, which is at the interface with the Fe 
catalyst. Following subtraction of noise the ratios of the maximum G-band intensity (~ 
1591 cm-1) to that of the D-band (-1312 cm-1) were determined. 
X-ray photoelectron spectroscopy (XPS) sputter depth profile analysis was carried 
out on the alumina/Fe samples exposed to carpet growth for 15 min to probe the inward 
diffusion of Fe in the different types of alumina. The Surface Science Instruments (SSI) 
M-probe XPS is equipped with an Al Ka X-ray source operated at a base pressure of 
approximately 4.0 x 10~7 Pa. Spectra were analyzed using CASA XPS software, which 
has built-in corrections for spectrometer sensitivity factors for the SSI M-probe XPS. Fe 
2p, C Is, and Al 2p peak areas were measured using a Shirley background subtraction 
routine in order to compute the evolution of the Fe:Al ratio. The samples were sputtered 
for cycles of 5 s using Ar+ with kinetic energy of 1 keV. The etching rate was calibrated 
using a SiC^ film, and each sputtering cycle is estimated to produce a removal depth of ~ 
0.5 nm except in the case of sapphire. A total of 20 cycles were performed. 
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Variable angle spectroscopic ellipsometry (VASE) was performed on the various 
alumina films before and after annealing to observe changes in refractive index which 
will allow us to infer changes in the density of the films. The data was collected and 
analyzed using a JA Woollam ellipsometer in the spectral range from 1.24 to 4.13 eV. A 
generic model was used with the following layer scheme: surface roughness/ema (AI2O3 
and % voidySiCVSi. Both the anneal and unannealed samples were fit simultaneously 
with the void fraction in the thermally annealed sample set to 0% and the unannealed 
sample's void fraction was allowed to vary to obtain the best fit. The overall alumina film 
refractive index was fit using a Cauchy layer with an Urbach tail, which has the assumed 
spectral dependence in eq. 1, where A, B, and C are material dependent constants 
obtained through curve fitting, X is the wavelength, and n is the index of refraction. In eq. 
2, K is the extinction coefficient, y is a fitting parameter that represents the band edge for 
the absorption process, P is a factor describing the rate at which the absorption decrease 
away from the edge, and a is a factor related to the strength of the absorption. 
k = a exp(pi24(K)ji - -^ (2) 
A Bruggeman effective medium approximation was used to simulate the 
properties and the porosity changes in the alumina films. A SiC>2 layer thick was put in 
which corresponds to the thickness we typically observe on bare Si substrates. We did not 
let this vary because strong coupling existed between the SiC>2 thickness and the various 
other layers in the model. 
5.3 Results: Particle Analysis 
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The effect of the alumina type on the activity and lifetime of the catalyst was 
studied by performing SWNT carpet growth on the different alumina-supported catalyst 
samples using water-assisted growth conditions. The following catalysts were studied: (a) 
Fe supported on sapphire (sapphire/Fe), (b) Fe supported on sputter-deposited alumina 
(sputtered/Fe), (c) Fe supported on electron-beam deposited alumina (e-beam/Fe), (d) Fe 
supported on thermally annealed alumina deposited by e-beam (annealed e-beam/Fe), and 
(e) Fe supported on alumina deposited by atomic layer deposition (ALD/Fe). The 
estimation of the activity and lifetime of the catalysts is based on the measured carpet 
height. The results of carpet height are based on average of 5-7 height measurements 
taken via field emission scanning electron microscopy (FESEM) on the side of the carpet. 
The presence of radial breathing modes (RBMs) in the Raman spectra of the carpets 
verifies that these carpets are composed of SWNTs. The "catalytic activity" as used 
herein refers to the increase in the SWNT carpet height with time while the "catalyst 
lifetime", also deduced from the carpet height, refers to the time after which the catalyst 
has basically lost its catalytic function to grow SWNT carpets. As presented in Figure 5-1, 
there is a strong dependence of the SWNT carpet height or the catalyst lifetime on the 
type of alumina used as catalyst support. Sputtered/Fe appears to support a faster early 
growth rate and shows the longest catalyst lifetime, followed by e-beam/Fe, while 
annealed e-beam/Fe initially had the same rate as e-beam/Fe, but exhibits early growth 
termination. ALD/Fe grows SWNT carpets reasonably well, but at a slower rate and 
growth seems to terminate shortly after 15 min. FESEM characterization of carpets 
grown on ALD/Fe confirms that growth termination is associated with the distinct loss of 
alignment among the SWNTs as shown by Hart et al.19'145 Surprisingly, sapphire/Fe does 
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Figure 5-1. Plots showing the average SWNT carpet height as a function of growth time 
for sputtered/Fe, e-beam/Fe, annealed e-beam/Fe, ALD/Fe, and sapphire/Fe. This is 
based on 5-7 height measurements taken via FESEM along the side of the carpet. 
not support carpet or aligned vertical growth at all. Although long catalyst lifetime in the 
growth of ultralong nanotubes up to 4.7 mm has been attributed to the dense AI2O3 buffer 
layer, we did not observe the same phenomenon in the annealed e-beam/Fe, a system that 
is known to be denser than the other deposited layers studied. It is worth pointing out that 
pristine alumina films (without Fe) were exposed to SWNT carpet growth conditions and 
we observed no formation of CNTs or pyrolized carbon, suggesting that the alumina 
support in itself is catalytically inactive. 
To gain insights into the observed differences in the catalyst activity and lifetime, 
we carried out a time-dependent study whereby the different alumina-supported Fe 
catalysts were exposed to carpet growth environment in the presence and absence of C2H2. 
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Table II. Summary of the physical properties of the different alumina-supported Fe 
catalysts after exposure to growth conditions for 1.5 and 5 min in the absence of C2H2 
and obtained from AFM. 
support/catalyst 
sapphire/Fe 
sputtered/Fe 
e-beam/Fe 
annealed e-
beam/Fe 
ALD/Fe 
annealing 
time 
(min) 
0 
1.5 
5 
0 
1.5 
5 
0 
1.5 
5 
0 
1.5 
5 
0 
1.5 
5 
particle 
mean 
height (nm) 
3.60 
5.17 
1.17 
1.45 
1.10 
1.18 
2.07 
2.31 
0.95 
1.45 
std. dev. 
1.12 
2.36 
0.42 
0.41 
0.27 
0.33 
0.68 
0.58 
0.95 
0.41 
particle 
number 
density 
85 
28 
178 
164 
209 
164 
110 
87 
138 
112 
Average 
surface 
roughness 
(nm) 
0.15 
0.86 
1.69 
0.26 
0.33 
0.36 
0.21 
0.21 
0.36 
0.19 
0.50 
0.57 
0.23 
0.24 
0.37 
Studies performed in the absence of the carbon feedstock allowed for better catalyst size 
analysis and thus proper isolation of the ripening phenomenon. The reliability of this 
approach was confirmed previously, as the ripening trend of the catalyst is the same 
regardless of the presence or absence of C2H2. It is well-known that when catalyst films 
are subjected to thermal treatment, the mobility of metal atoms increases, resulting in 
Ostwald ripening,146 a phenomenon that is driven by the lowering of the surface free 
energy of the catalyst nanoparticles relative to the bulk. Representative tapping-mode 
AFM data of the as-deposited 0.5 nm-thick Fe films supported on the different types of 
alumina, and Fe203 nanoparticles formed on the alumina supports after exposure to 
SWNT carpet growth conditions in the absence of C2H2 for 1.5 and 5 min are presented in 
Figure 5-2. A summary of the catalyst properties after thermal treatment are also 
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Figure 5-2. AFM topography images of as-deposited catalyst and catalyst nanoparticles 
formed on different alumina supports after exposure to growth conditions in the absence 
of C2H2 for 1.5 and 5 min: sapphire/Fe (a-c), sputtered/Fe (d-f), e-beam/Fe (g-i), annealed 
e-beam/Fe (j-1), and ALD/Fe (m-o). Z-scale is 10 nm (a-c), 3 nm (d-j), 5 nm (k and 1), 
and 3 nm (m-o). All scale bars are 100 nm. 
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presented in Table III. Severe ripening is observed for sapphire/Fe followed by annealed 
e-beam/Fe and ALD/Fe after 5 min while e-beam/Fe and sputtered/Fe remain stable. 
The AFM images of the as-deposited alumina/Fe samples in Figure 5-2a,d,g,j,m 
reveal striking differences in the wetting behavior of Fe on the various alumina. The as-
deposited sputtered/Fe, e-beam/Fe, and ALD/Fe samples had preformed catalyst 
nanoparticles (<3 nm in mean height) on the surface while the as-deposited annealed e-
beam/Fe and sapphire/Fe samples had a somewhat continuous and smoother film in 
which discrete particles were not discernible. This observation is also supported by cross-
sectional TEM data (not shown) and the variation in the average surface roughness. The 
average surface roughness increases in the order: sapphire/Fe (0.15) < annealed e-
beam/Fe (0.19) < e-beam/Fe (0.21) < ALD/Fe (0.23) < sputtered/Fe (0.26). Because of 
the higher surface energy of Fe than alumina, it is expected that Fe will form islands on 
the support. The different wetting behavior observed may be due to differences in their 
surface energies (i.e., their surface defect densities, surface roughness, and film density). 
The high density of the a-alumina film enhances the uniformity of the Fe film upon 
deposition. 47 Thus, the improved wettability of Fe on sapphire and annealed e-beam/Fe 
may be due to their higher density and surface energy. Note that for annealed e-beam/Fe, 
the annealing of the original e-beam deposited alumina film increases the density and 
transforms the amorphous film to polycrystalline alumina. On the other hand, it is 
probable that sputtered/Fe, e-beam/Fe, and ALD/Fe have amorphous alumina films with 
surface energies that may impede the wetting of Fe and favor the formation of 
hemispherical Fe particles, if Fe is deposited from the gas phase.148 
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Figure 5-3. Histograms of feature height distributions measured from the AFM data in 
Figure 5-2 by manual cross-sectional analysis: (a) sapphire/Fe, (b) sputtered/Fe, (c) e-
beam/Fe, (d) annealed e-beam/Fe, and (e) ALD/Fe in a 200 x 200 nm area. 
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The histograms of the catalyst particle height distributions adapted from the AFM 
data in Figure 5-2 are presented in Figure 5-3a-e; the z-heights and number density of the 
particles in a 200 x 200 nm area were obtained by manual cross-sectional analysis. As 
shown in Table II, the number density decreases with time, which is one of the attributes 
of Ostwald ripening. Another attribute of Ostwald ripening is the growth of larger 
particles at the expense of smaller ones to relieve the excess surface energy. A summary 
of the mean heights and standard deviations obtained by manual cross-sectional analysis 
of 50 particles randomly picked in a 200 x 200 nm2 area are presented in Table II. This 
analysis was limited to the catalyst evolution between 1.5 and 5 min due to the absence of 
easily resolved particles in the as-deposited samples, which made manual analysis of 
their AFM images difficult. Figure 5-3 confirms that there is severe coarsening of the 
catalyst nanoparticles especially in the case of sapphire/Fe, ALD/Fe, and annealed e-
beam/Fe, evidenced by both (1) an increase in the mean height, and (2) the simultaneous 
disappearance of small particles (<1 nm) and the appearance of large particles (>3.5 nm 
for annealed/Fe and >6 nm for sapphire/Fe). On the basis of the increase in the heights of 
the particles presented in Figure 5-3, the Ostwald ripening rate seems to be highest in 
sapphire/Fe, intermediate in annealed/Fe and ALD/Fe, and lowest in sputtered/Fe and e-
beam/Fe. 
It is well-known that surface modification of a material has a significant effect on 
the surface topography.149' 15° Studies involving nanospheres of polypropylene and 
structural carbon fibers modified with titanium carbide revealed that their surface profiles 
are dependent on feature height.149 The surface roughness increases with feature 
height.149' 15° This approach was also used to analyze the particle height distributions. 
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Figure 5-4. AFM topography images of the exposed catalyst layer after carpet growth for 
1.5 and 5 min: (a) sapphire/Fe, (b) sputtered/Fe, (c) e-beam/Fe, (d) annealed e-beam/Fe, 
and (e) ALD/Fe. Z-scale is as labeled, and the panel size is 500 nm x 500 nm. 
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Analysis was performed using the WXsM software. The roughness analysis basically 
calculates the relative height of each pixel in the image and presents the data as a 
histogram. Since the particles on the as-deposited samples were not easily discernible, it 
was difficult to perform manual cross-sectional analysis. Using this method, we were able 
to compare the surface roughness of the as-deposited samples with those thermally 
annealed for 1.5 and 5 min (Table II) to get a more complete picture of their ripening 
behavior. The surface roughness for the different samples reveals a trend that is 
consistent with that obtained from cross-sectional analysis (Figure 5-3). 
The exposed catalyst layers of the samples after SWNT carpet growth for 1.5 and 
5 min were also studied by AFM to further confirm the Ostwald ripening behavior 
observed in the absence of C2H2. While the same Ostwald ripening trend discussed so far 
is apparent in the AFM images (Figure 5-4), the ripening behavior of annealed e-beam/Fe 
and ALD/Fe samples appear distinguishable. The ripening rate appears to decrease in the 
following order: sapphire/Fe > annealed e-beam/Fe > ALD/Fe > sputtered/Fe ~ e-
beam/Fe. Interestingly, the ripening behavior correlates with the growth data in Figure 5-
1, where sapphire/Fe does not support growth at all, annealed e-beam/Fe results in early 
growth termination, and ALD/Fe exhibits a slow growth rate. On the other hand, 
sputtered/Fe and e-beam/Fe both exhibit high catalytic activity and lifetime. We have 
shown that Ostwald ripening and subsurface diffusion of the catalysts results in the 
termination of SWNT growth.22'30 We hypothesize that the reduced ripening observed for 
e-beam/Fe and sputtered/Fe is one of the reasons for their high catalytic activity and 
longer lifetime. 
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Table III. Summary of the ratio of the intensity of the G-band to the D-band (G/D) for 
the carbon products obtained from the different alumina-supported Fe catalysts after 
exposure to growth conditions for 1.5, 5, and 15 minutes. 
support/catalyst 
ALD/Fe 
sputtered/Fe 
e-beam/Fe 
annealed/Fe 
sapphire/Fe 
G/D, 90 sec. 
9.89 
22.0 
13.63 
13.5 
3.04 
G/D, 5 min. 
13.32 
28.88 
18.29 
13.23 
1.97 
G/D, 15 min. 
12.02 
29.17 
20.0 
13.78 
N/A 
Raman spectroscopy is widely used for evaluating the quality of SWNTs based on 
the ratio of the tangential G-band occurring -1591 cm-1 for SWNTs and the defect-
induced D-band occurring -1312 cm-1 (G/D). A summary of the G/D ratios for the 
growth products obtained after 1.5, 5, and 15 min from the different alumina-supported 
catalysts is presented in Table III. Interestingly, the quality of CNTs obtained follows the 
general trend of Ostwald ripening observed and decreases in the following order: 
sputtered/Fe > e-beam/Fe > ALD/Fe ~ annealed e-beam/Fe > sapphire/Fe. Therefore, the 
increased D-band observed for samples that do not grow carpets well is due to the 
formation of amorphous carbon or defects, which is most likely induced by the increased 
rate of Ostwald ripening. 
We have previously observed that surface-mediated Ostwald ripening is dominant 
in the first 5 min of SWNT carpet growth while atomistic subsurface diffusion of Fe into 
the alumina support strongly influences in the later stage of growth. Having discussed 
what happens in the first 5 min of growth, the focus of our discussion shifts to how the 
catalysts evolve on the different types of alumina after 15 min as observed by AFM, 
TEM, and XPS sputter depth profile analysis. Plan-view TEM images of the particles 
formed on the substrates after thermal annealing in the absence of C2H2 for 15 min 
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Figure 5-5. Plan-view TEM images of catalyst nanoparticles formed on (a) sputtered/Fe, 
(b) e-beam/Fe, (c) annealed e-beam/Fe, and (d) ALD/Fe after exposure to growth 
conditions in the absence of carbon feedstock for 15 min. All scale bars are 10 nm, and 
all panels have histograms showing particle size distributions in a 100 x 100 nm area with 
the total number of particles (N) labeled. 
(Figure 5-5) reveal the presence of small particles and a higher number density of 
particles for e-beam/Fe and sputtered/Fe. On the other hand, the annealed e-beam/Fe 
sample is characterized by severe Ostwald ripening while the ALD/Fe sample is 
characterized by the lowest particle number density. The inset histograms of particle size 
distributions obtained using ImageJ151 (Figure 5) show size range and number density. 
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Figure 5-6. XPS depth profiles showing the degree of inward diffusion of Fe into the 
alumina support for e-beam/Fe, sputtered/Fe, ALD/Fe, annealed e-beam/Fe, and 
sapphire/Fe after exposure to SWNT carpet growth conditions for 15 min. The catalyst 
evolution is evaluated on the basis of the ratio of the integrated peak areas of Fe 2p3/2 and 
Al 2p as a function of sputtering time. 
The particle number densities (N) in a 100 * 100 nm2 area decreases in the order: e-
beam/Fe (296) > sputtered/Fe (235) > ALD/Fe (175) > annealed e-beam/Fe (149). This 
result further supports our hypothesis that catalytic activity and lifetime are enhanced 
when Ostwald ripening is inhibited. 
5.4 Results: Evolution of Different Alumina Types 
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XPS depth profile analysis was carried out on the exposed catalysts after carpet 
growth for 15 min. The carpet removal procedure was carried out as described 
i r i n 
previously. ' Figure 5-6 shows the integrated peak area ratios of Fe 2p3/2 and Al 2p as 
a function of sputtering time for the different catalyst samples. This analysis enabled us 
to probe the degree of inward diffusion of Fe in the alumina supports. Generally, as 
penetration depth increases, there is an initial increase of the Fe 2p3/2:Al 2p peak ratio for 
all the samples except sapphire/Fe, accompanied by a steady decrease in the ratio. The 
former increase in the ratio observed may be due to the selective coverage of the Fe 
particles by carbon materials. Since graphitic layers that encapsulate catalyst particles are 
robust,152 it is possible that our carpet lift-off process did not remove all the carbon 
coating on the catalysts especially for sputtered/Fe and e-beam/Fe that are characterized 
by tall and highly dense SWNT carpets. It can be deduced from the profiles that the 
inward diffusion of Fe in alumina increases in the following order: sapphire/Fe < 
annealed e-beam/Fe < ALD/Fe < sputtered/Fe < e-beam/Fe. The evolution of Fe:Al for e-
beam/Fe and sputtered/Fe is similar beyond a depth of 3 nm. However, below a depth of 
3 nm, the atomistic subsurface diffusion rate of Fe for sputtered/Fe is intermediate 
between e-beam/Fe and ALD/Fe. Since sputtered/Fe is the best catalyst in this work, this 
result suggests that mild inward diffusion of Fe may be beneficial for high catalyst 
lifetime and activity. 
It should be noted that XPS depth profile analysis of the exposed catalyst samples 
after 5 min of carpet growth, within the time frame that the Ostwald ripening 
phenomenon dominates, reveal that the inward diffusion of Fe also occurs during this 
period (not shown). As a general feature, samples with high inward diffusion rate tend to 
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Figure 5-7. Cross-sectional TEM images of exposed (a) sputtered/Fe, (b) e-beam/Fe, (c) 
annealed e-beam/Fe, and (d) ALD/Fe catalysts after SWNT carpet growth for 15 min. 
The arrows indicate the Si and alumina layers and the location of Fe. 
have low Ostwald ripening rate. The cross-sectional TEM images of these samples 
presented in Figure 5-7 provide further proof of the high inward diffusion rate of Fe in e-
beam/Fe as catalyst particles can be observed to have formed below the surface of the 
alumina layer. Although catalyst particles are only observed on the surface for the other 
alumina-supported catalysts, this result further substantiates that the inward diffusion rate 
is highest for e-beam/Fe. 
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Figure 5-8. Index of refraction as a function of wavelength for the pristine alumina 
supports (solid lines) and after thermal annealing at 750 °C in air for 15 min (dashed 
lines). The curves were simulated to fit the experimental data using the Cauchy model. 
The arrows represent the dispersion in the refractive index for various porosities 
calculated using the Bruggeman effective medium approximation. 
To understand the role porosity plays in the inward diffusion of Fe and the 
catalytic activity and lifetime, we used variable angle spectroscopic ellipsometry (VASE) 
to characterize the optical properties of the pristine alumina films (without the Fe layer). 
The plots of refractive index as a function of wavelength for the as-received alumina 
supports (solid lines) and the thermally annealed supports (dashed lines) are presented in 
Figure 5-8. The dispersion in the refractive index for various porosities has been 
calculated using the Bruggeman effective medium approximation and indicated as arrows 
in Figure 
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Figure 5-9. (a) Relationship between the index of refraction of the pristine alumina 
supports at 700 nm, roughness ratio of the alumina-supported catalysts at 5 and 0 min of 
thermal annealing, and SWNT carpet height after 15 min of growth for the alumina-
supported catalysts, (b) Relationship between the index of refraction of the pristine 
alumina supports at 700 nm, carpet height after 15 min of growth for the alumina 
supported catalysts, and the highest Fe 2P3/2/AI 2p ratio obtained from XPS depth profile 
analysis. 
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5-8. Porosity and refractive index have an inverse relationship. Thus porosity 
decreases in the following order: sapphire < ALD alumina < e-beamed alumina < 
sputtered alumina, and have the corresponding approximate porosities of 0%, 15%, 25%, 
and 36%. We observed that thermal treatment increases the density of the amorphous 
films (i.e., decreases the porosity of the films) as observed in Figure 7c, especially for 
those with higher void fractions (sputter and e-beam deposited films). In general we 
observed ~5% change in the porosity before and after annealing except for the ALD film 
which had almost no change in the properties. The annealed e-beam deposited films 
showed lower void fractions, closer to dense sapphire than annealed alumina films 
deposited by ALD and sputtering. We should note that the sputtering process modified 
the Si substrate and damaged the alumina films, which made fitting of the data difficult. 
It is possible that the high catalytic activity of sputtered/Fe may also be due to the 
presence of this defective alumina that provides active sites for Fe catalyst. As a general 
feature, the Ostwald ripening rate appears to increase with decreasing porosity. 
Figure 5-9 summarizes the effects of Ostwald ripening, subsurface diffusion, and 
the porosity of alumina supports on the catalytic activity for the different samples. The 
ratio of the average surface roughness of samples annealed for 5 and 0 min obtained from 
the AFM data (Figure 2) has been used to estimate the change in mean catalyst height and 
as a proxy for the rate of Ostwald ripening. Catalytic activity is high for samples with low 
Ostwald ripening rate and vice versa. We find that Ostwald ripening rate appear to 
increase with decreasing porosity of the alumina support. Sputtered/Fe and e-beam/Fe 
with high subsurface diffusion rate tend to have low Ostwald ripening rate while high 
Ostwald ripening rate is observed in annealed alumina/Fe with low subsurface diffusion 
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rate. The longest carpets were grown from sputtered/Fe, which had a low Ostwald 
ripening rate, and subsurface diffusion rate that is intermediate between e-beam/Fe and 
ALD/Fe. Interestingly, the substrate for which complete growth termination occurred 
within the time range studied (15 min), that is, annealed e-beam/Fe has a Fe 
concentration profile that suggests that it may have been saturated with Fe through the 
thickness. 
5.5 Conclusions 
In summary, we have demonstrated that the activity and lifetime of Fe catalyst 
during water-assisted growth of SWNT carpets depends strongly on the porosity of 
alumina support. The catalytic activity increases in the following order: sapphire/Fe < 
annealed e-beam/Fe < ALD/Fe < e-beam/Fe < sputtered/Fe. A strong dependence of the 
dynamic evolution of Fe catalysts on the porosity of alumina support has been 
demonstrated. Catalyst samples with high inward diffusion rate such as sputtered/Fe and 
e-beam/Fe tend to have low Ostwald ripening rate. On the other hand, when the rate of 
inward diffusion is low, as observed in annealed e-beam/Fe and ALD/Fe, or nonexistent 
as in sapphire/Fe, the Ostwald ripening rate is higher. Also, catalytic activity increases 
with increasing porosity while Ostwald ripening rate appears to increase with decreasing 
porosity; the quality of CNTs increases with decreasing Ostwald ripening rate. Our work 
reveals that SWNT carpet growth is maximized by very low Ostwald ripening rates, mild 
subsurface diffusion rates, as well as high porosity of the alumina support, as observed in 
the sputtered/Fe catalyst. The complex interplay between Ostwald ripening, subsurface 
diffusion, and porosity of the alumina supports may account for the observed difference 
in catalyst lifetime and activity. Our data does not eliminate the possibility of variations 
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in the stoichiometry of AlxOy contributing to the catalytic behavior. These results benefit 
ongoing efforts aimed at rational design of immortal catalysts for controlled and 
enhanced SWNT carpet growth. 
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Chapter 6: Ostwald Ripening Induced Termination of 
Vertically Aligned Carbon Nanotube Growth III. Growth 
Termination Mechanism 
6.1 Introduction 
Infinitely long carbon nanotubes (CNTs) are macroscopic 1-D quantum systems 
of incredible interest, and their creation is goal of many research efforts. Progress toward 
this goal has resulted in enhanced catalyst lifetimes in aligned single-walled carbon 
nanotube (SWNT) growth through the addition of water vapor,153"157 or the use of 
bimetallic catalyst such as Fe-Mo.158'159 Rational approaches to engineering a catalyst to 
enhance its catalytic activity and lifetime for SWNT array growth are required to create 
structures that can exploit the remarkable electrical, thermal, and mechanical properties 
of long, continuous CNTs.160 However, until the mechanism for catalyst deactivation is 
understood, approaches to combat the mortality of the catalyst in this growth process is 
futile. As a result, the primary bottleneck in achieving multiple-meter long CNTs is the 
lack of a coherent understanding of why growth termination occurs. 
In vertically aligned SWNT growth the metal catalyst layer consists of small (< 
10 nm) islands or particles on a fixed oxide support layer. Vertical alignment is achieved 
as a result of the packing of particles, which constrains the collective growth of 
nanotubes in the direction perpendicular to the substrate. However, surface supported 
metal catalyst is not unique to SWNT array growth, but is also utilized in the synthesis of 
a variety of other 1-D materials. For example, Harmon and coworkers recently 
observed that Au nanodroplets that catalyze Si-nanowires during vapor-liquid-solid 
(VLS) growth exhibit considerable atomic surface diffusion, which strongly impacts 
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nanowire growth. In comparison to these observations of VLS nanowire growth, the 
catalysts producing SWNT arrays are packed closer, and are substantially smaller. 
Nonetheless, most current hypotheses for SWNT array termination assume either (i) a 
static catalyst layer where catalyst deactivation occurs from excess carbon (i.e. carbide 
formation, carbon overcoating, etc.), 2"165 or (ii) a mechanism that occurs independent of 
the catalyst layer, such as mechanical coupling of nanotubes in the array.166 Alternatively, 
SWNT growth termination on SiC>2 is observed to occur through the formation of Fe 
silicides, even though this substrate does not support high density SWNT array growth. 
Although these explanations may be important to growth termination, our recent work157 
has correlated the role of water vapor during growth to inhibition of Ostwald ripening, 
leading to enhanced catalyst lifetimes. Here, we explicitly demonstrate that both surface 
and sub-surface migration of metal atoms leads to morphological changes in the catalyst 
particles (mass loss from individual catalysts) that correlate well with the time evolution 
and eventual termination of water-assisted SWNT growth. 
6.2 Experimental Details 
Our experiments were carried out in two growth systems: a water-assisted chemical 
vapor deposition (CVD) apparatus operating at 1.4 Torr (described elsewhere),156'168 and 
an environmental-cell transmission electron microscope (E-TEM) (80-300 S/TEM FEI 
Titan™). For both, vertically aligned SWNTs grow from a catalyst supported by a thin 
alumina layer located underneath the growing array (a.k.a. base or root growth), which 
leads us to characterize the time evolution of catalyst morphology using the same 
approach as our previous studies.157 The catalyst samples consisted of an Fe layer (0.5 
nm) evaporated onto an alumina support (10 nm or 100 nm) that was deposited by atomic 
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layer deposition onto p-doped Si(100) with a native oxide. This catalyst/support 
combination is typically utilized in SWNT array growth,153' 156' 168' 169 resulting in a 
process in which the catalyst layer remains at the base of the growing SWNT array.170 
6.3 Catalyst Morphology Evolution 
As shown in Figure 6-1, TEM characterization of the catalyst layers following thermal 
annealing in ~ 1.5 Torr of H2/H2O (typical growth conditions without C2H2) at 750 °C as 
a function of time indicates the initial formation of particles having diameters consistent 
with that expected from the water-assisted SWNT growth process. In Figure 6-1, between 
30 seconds and 5 minutes of annealing, evidence of Ostwald ripening is apparent,157'171 
based upon the emergence of larger particles and a decreasing total number density of 
particles. Surprisingly, beyond 5 minutes of thermal annealing, the resulting particle size 
distribution can no longer be described by Ostwald ripening, as both the overall particle 
size and the total number density of particles decrease. Longer annealing times further 
emphasize this trend, with a decreasing population of larger particles seen after 30 
minutes. Cross-sectional TEM images of the same samples - insets to Figure 6-1 - show 
that Fe diffuses into the alumina support layer, forming iron clusters in pores in the 
alumina layer with increasing time at temperature. Diffusion of iron into the alumina will 
cause mass loss from the catalysts that grow the nanotubes, eventually causing 
termination of growth. Statistical analysis of the particle size distribution (Figure 6-le) 
indicates that the morphological change of the catalyst particles is governed by two 
different processes: Ostwald ripening157' 171 - evidenced by the broadening of particle 
diameter distributions up to 5 minutes - and sub-surface diffusion - evidenced by the 
narrowing of these distributions after 5 minutes. Metal cluster formation inside the 
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Figure 6-1. Plan-view TEM images of annealed Fe/Al203 catalyst layers at 750°C for 
various labeled times for (a) 30 seconds, (b) 5 minutes, (c) 15 minutes, and (d) 30 
minutes. Insets are cross sectional views demonstrating sub-surface diffusion of Fe into 
the AI2O3 layer, (e) Statistical representation of the catalyst particle size distribution for 
the four cases shown in (a)-(d) and the as-deposited Fe sample. 
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alumina layer can be attributed to the mobility of surface metal atoms combined with the 
long-term stability of clusters of metal atoms having bulk-like coordination in pores in 
• • • • • 179 
the alumina. Previous spectroscopic investigations by Colaianni, et al. emphasize that 
sub-surface diffusion of Fe into AI2O3 can be initiated at temperatures as low as 600 °C. 
This is crucial for surface supported catalysis since the loss of Fe from the surface to a 
more stable, high coordination bulk site will lead to an irreversible change in the catalyst 
layer that will either severely inhibit or terminate all catalytic behavior, and thus 
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substantially impact CNT growth. In addition, recent work by Ohno et al. has revealed 
the presence of Co catalyst in the sub-surface layers of the alumina following growth. 
To confirm that sub-surface diffusion occurs during later stages of growth, we also 
performed cross sectional TEM imaging following growth (i.e., with acetylene) for 30 
seconds and 30 minutes to locate the Fe and understand this effect. As shown in Figure 2, 
after 30 minutes of growth a substantial amount of Fe diffuses into the alumina, 
nucleating stable Fe clusters in the same manner shown in Figure 6-1. To validate the 
presence of Fe and understand the sub-surface diffusion mechanism, the crystal structures 
of catalyst outlined in Figure 6-2 were characterized. Insets in Figures 6-2a and 6-2b are 
Fast Fourier transforms (FFT, top corner) from the outlined areas, and the images 
obtained from inverse FFT by selecting only primary diffraction spots from the FFT 
(bottom corner). Shown in Figure 6-2c is a scheme depicting features of Figures 6-2a 
and 6-2b with respect to the Fe particles and alumina layer. Based on the symmetry and 
spacing shown in FFTs and inverse FFTs (insets in Figures 6-2a and 6-2b), the particle on 
top of the AI2O3 support (Figure 6-2a) is y-phase (face centered cubic) and the particle 
inside the AI2O3 support (Figure 6-2b) is a-phase (body centered cubic). We expect this 
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Fe particles AJ203 
Figure 6-2. Cross-sectional TEM images of Fe catalyst and AI2O3 support following 
growth for (a) 30 seconds and (b) 30 minutes. Insets in top corner are the FFTs from the 
areas outlined in white, and insets in bottom corner are the inverse FFTs using only the 
primary diffraction points from the FFTs. (c) Scheme illustrating the cross-sectional TEM 
images shown in (a) and (b), emphasizing the location of the Fe particles with respect to 
the AI2O3 layer. 
difference to be related to the Fe particle surface coordination on the surface versus that 
in the bulk of the AI2O3, which drives the stability of the two different phases. 
Nonetheless, this emphasizes that Fe diffusion into the oxide support occurs during 
growth (not just annealing), and that the bulk-like stability of clusters in the alumina 
support drives the atomic Fe sub-surface diffusion. In-situ TEM characterization of 
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catalyst particles under broadly analogous growth conditions was also carried out, and 
supports the general picture emphasized in Figures 6-1 and 6-2. 
Next, to better understand the impact of catalyst morphological evolution on 
aligned SWNT array growth, real-time measurements of SWNT array growth rates were 
carried out and compared to the TEM characterization of the catalyst layers following 
thermal annealing. Previously, we have established that surface-mediated Ostwald 
ripening of catalyst occurs regardless of the exposure to C2H2. This enables a 
substantive comparison between real-time growth data and TEM characterization of 
annealed samples. SWNT array growth rates were monitored as a function of time using 
square wave pulses of C2H2 to form discernable breaks 74' I75 in the array, allowing 
characterization of the growth kinetics. The thickness of the array between successive 
breaks was used to determine the growth rate over a well-defined time in the growth 
process. Utilizing this technique, a plot of the growth rate (or layer height), normalized to 
the first layer growth rate, is shown in Figure 6-3a. Superimposed upon these data are 
particle number density measurements taken from TEM images (Figure 6-1) over a 
200x200nm area. From this, three distinct regions can be identified to describe the 
behavior of the SWNT array growth, as further illustrated in Figure 3b. Interestingly, a 
striking correlation between growth behavior and the particle number density suggests 
that the catalyst morphological evolution plays a key role in growth termination, and 
indeed in growth rate reduction. In accordance with Figure 6-1, we note that the initial 
retardation in growth rate (Region I) is dominated by surface-mediated Ostwald ripening, 
and the latter retardation in growth (Region III) is dominated by sub-surface Fe diffusion. 
Region II is interpreted an intermediate state of catalyst stability between where planar 
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Figure 6-3. (a) Normalized growth rate from real-time growth monitoring plotted as a 
function of growth time. Also included on the opposing axis (blue) is the particle density 
from TEM characterization in Figure 1. (b) Scheme emphasizing the specific catalyst 
behavior in accordance with Figures 1 and 2, and how it relates to the regions of catalyst 
activity in the real-time growth data. Catalyst decay rate, X, as a function of both the 
growth temperature (c) and the C2H2 flow rate (a.k.a. partial pressure, d). 
Ostwald ripening and 3-D subsurface diffusion influence growth termination - leading to 
little change in particle number density. The TEM observations show that the catalyst 
particle number density decreases by over a factor of ~ 4 following 30 minutes of thermal 
annealing. Even though the SWNT array continues to grow at this point, the growth rate 
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is substantially retarded compared to when the catalyst particle density is at maximum. 
We also note a signature of termination in vertical array growth is poor alignment at the 
bottom of the array, as reported elsewhere.176 In our experiments, we find this to be 
apparent following long growth (90 minutes - 4 hours), in which the decreasing number 
density in region III is expected to further decrease until termination takes place. We 
expect that the poor alignment is caused by a reduced number density of nanotubes 
allowing lateral freedom, which is in turn caused by a reduced number of active catalysts. 
Recent work by Hart's group emphasizes that growth termination occurs rapidly when 
the nanotube density becomes too low145 - a concept our results suggest to be influenced 
by Ostwald ripening and subsurface diffusion induced lowering of catalyst particle 
density. Additionally, this technique for studying real-time growth also allows us to 
investigate the dependence of the catalyst termination on critical parameters. Shown in 
Figures 6-3c and 6-3d are the catalyst decay rate, A.,177 as a function of temperature and 
C2H2 partial pressure, respectively. This was fit by using a decaying exponential fit to 
region I of curves generated similar to that shown in Fig. 6-3 a. The specific use of region 
I is expected to capture the kinetics of growth as the catalyst particle density exhibits the 
greatest change. Further information on the fitting process is described in the supporting 
information. Immediately obvious in Figs. 6-3 c and 6-3 d is the strong dependence of A, 
on temperature (EactiVation=1.72 eV), but no clear dependence on C2H2 pressure. This is 
consistent with the TEM analysis, emphasizing the strong temperature dependence of 
iron mobility that is a signature of Ostwald-ripening induced growth kinetics. This further 
bolsters the conclusion that catalyst morphological evolution has a significant role in 
growth kinetics and growth termination. 
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Figure 6-4. Four subsequent snapshots (a)-(d) from growth at 650°C in 2.5 mTorr of 
C2H2 and 7.5 mTorr of H2 in-situ with TEM showing stages of catalyst morphological 
evolution and its effect in growth termination for an individual growing few-walled CNT. 
Finally, further experiments were conducted with identical catalyst layers to those 
utilized in Figure 6-3 to study growth through in situ TEM characterization. We studied 
several videos supporting the termination mechanism proposed thus far as being 
universal for both SWNTs and few-walled carbon nanotubes. Figure 6-4 shows four 
frames from one of these videos that captures growth, termination, and Ostwald ripening 
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or subsequent sub-surface diffusion of a catalyst particle growing a few-walled carbon 
nanotube. In Figure 6-4, one can find both (i) the disappearance of the Fe catalyst particle 
associated with a few-walled carbon nanotube (red circle), and (ii) the growth of an 
adjacent, Fe particle (blue circle), both of which are clearly identified. In the final two 
frames, nanotube growth terminates and the particle disappears from the base of the 
nanotube. This general mechanism has been observed in multiple in-situ TEM 
experiments (for both single-walled and multi-walled nanotubes), and is fully consistent 
with and supportive of the proposed mechanism for bulk termination of SWNT array 
growth. 
6.4 Conclusions 
In conclusion, we demonstrate here that dynamic catalyst evolution driven by 
thermally activated Fe surface and sub-surface migration, plays a fundamental role in the 
termination of aligned CNT array growth. Our work emphasizes a striking correlation 
between the catalyst particle number density measured via TEM characterization, and the 
growth rates of the nanotube arrays. Finally, in-situ TEM of the growth process validates 
the hypothesis that Ostwald ripening and Fe sub-surface migration lower the total catalyst 
number density and this subsequently causes eventual termination of a majority of 
growing nanotubes with time, which is a reasonable explanation for the observed 
termination of the overall carpet array. These insights suggest that through rational design 
of both the catalyst and its support, it may be possible to grow substantially longer 
SWNTs arrays. 
120 
Chapter 7: Ostwald Ripening Induced Termination of 
Vertically Aligned Carbon Nanotube Growth IV. General 
Concepts, Brownian Motion, and Catalyst Support Structure 
7.1 Introduction 
Single-walled carbon nanotubes (SWNT) are a class of all-carbon 
molecules with incredible single-molecule properties, including strengths 100 times 
greater than steel at only 1/6 the weight42 and current carrying capacities three orders of 
magnitude higher than conventional metals. ' 3 9 However, both the mechanical and 
particularly the electrical properties of SWNT materials can be reduced to levels that are 
worse than conventional materials when these molecules are arranged into macroscopic 
scaffolds having length scales much larger than that of the SWNT.178"180 Therefore, even 
though many exciting applications have been demonstrated with SWNTs, the promise for 
utilizing SWNT in many next-generation applications is based upon the growth of meter 
or longer SWNTs in hierarchical assemblies, such as fibers181 or thin conducting films43 
which maintain the superior properties measured in individual tubes. This poses a 
significant challenge to the growth community, which is ultimately constrained by the 
limited lifetime of the sub-5 nm metal catalyst particles which grow the SWNT. 
Therefore, it is crucial to understand why SWNT catalysts deactivate, and discover 
rational approaches to yield the most efficient and long-lasting catalysts. 
In the past few years, the concept of supergrowth " ' ' has provided an 
incredible advance in the growth of long SWNTs. Supergrowth is a process where a gas 
phase species is added to the precursor reaction mixture that serves to both (i) clean 
amorphous carbon deposits from the catalyst and SWNT sidewalls,25"27'113'182 and (ii) 
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preserve the small (sub-5 nm) catalyst species by mitigating processes such as Ostwald 
ripening. ' ' In most studies focused on growth enhancement, H2O vapor is 
utilized,26' 27 '30 ' 44' 124' 143' 184"186 even though other oxidant species or precursors with 
hydroxyl terminations have been found effective for growth enhancement as well. ' ' ' 
143, 182, 187 At atmospheric pressures, supergrowth has been found to yield SWNT arrays 
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up to ~ 2 mm in as little as 10 minutes, or cm-long SWNT arrays when the gas flow is 
oriented along the plane of the SWNT alignment. Despite this significant advance, it 
should be noted that this does not create the meter or even kilometer length continuous 
SWNTs that are necessary for development of high tensile strength and highly conductive 
SWNT applications. Therefore, we focus this study on the mechanisms that limit 
growth to SWNTs having finite lengths, with the hope that understanding these 
mechanisms will lead to a rational approach to yielding the most efficient catalysts. 
Although much effort has been focused on dynamics and termination in carbon 
nanotube (CNT) array growth,22' 30> 94' 100' 105' 126' 138' 145' 167' 183' 188"194 there remains no 
universal understanding of this process. A number of experimental observations and 
theoretical predictions have been reported. Among these, researchers have suggested 
mechanical stresses in the growing array,126' 145' 190' 193 carbon overlayer or carbide 
formation on the catalyst particles,23' 94' 191 or changes in catalyst morphology during 
9 9 T/ \ 1 QT 
growth as mechanisms for termination. ' ' Despite this range of suggestive 
mechanisms, it should be possible to interpret these within a context of a single universal 
termination process that can explain all observations within a simple framework. For 
example, work by Meshot and Bedewy et al. has identified a rapid self-termination 
process driven by mechanical stresses forming as CNT density decreases during 
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growth. ' This idea may be consistent with morphological changes in the catalysts 
that would have the effect of lowering CNT density during array growth. In addition, as 
the particles become smaller or larger, this changes the thermodynamic stability of 
carbide phases, making carbide or carbon overlayer formation a possibility for catalyst 
inactivity prior to the disappearance of the particle.23' 94 Such a concept would be in 
qualitative agreement with observations recently made during growth performed using in-
situ microscopy.22 Therefore, we emphasize that a unifying theme of growth termination 
could emerge from properly coupling the individual experimental observations and 
theoretical predictions to accurately represent the nature of this complex process. 
We present here further insight into growth termination of SWNT arrays based on 
the concept of the evolution of catalyst and catalyst support during growth. We find that 
temperature-dependent growth termination can be related not only to catalyst morphology 
evolution, but also to structural evolution of the alumina catalyst support during growth. 
In addition, we demonstrate that other factors, such as Brownian motion of small mobile 
metal clusters, can lead to coalescence of metal catalysts that can also influence the 
deceleration or termination of SWNT array growth. This work provides insight into the 
challenges that lie ahead in growing ultra-long SWNTs from "immortal" catalysts. 
7-2 Experimental Details 
A. Real-time growth monitoring 
Real-time growth kinetics monitoring was achieved in a hot-filament reduction 
chemical vapor deposition system (described in detail elsewhere).112' 143 "Real-time" 
refers to ex-situ characterization of growth rates that are "marked" during growth to 
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allow direct determination of growth kinetics. Carbon feedstock of C2H2 (2 seem) -
which is known to be the most efficient for CNT array growth78'143'195 -was utilized 
along with H2O (2 seem) and H2 (400 seem) at a pressure of 1.4 Torr, at temperatures 
between 600-800 °C. The samples were rapidly inserted to a heated furnace and exposed 
to atomic hydrogen produced by a hot tungsten filament for 30 seconds prior to growth. 
This quickly reduced the catalyst to a metallic and catalytically active state. This is 
analogous to supergrowth, except performed under vacuum and with in-situ mass 
spectrometry analysis to enhance controllability and reproducibility during growth. 
Catalyst substrates were prepared analogous to those used to achieve optimized yield in 
supergrowth. This consists of 0.5 nm Fe deposited on 10 nm of AI2O3 - both deposited 
onto clean p-doped Si wafers via e-beam evaporation. Thermal annealing experiments 
were performed with substrates prepared in the same way, and under the same growth 
conditions, except without the flow of the C2H2 carbon feedstock. 
In order to monitor growth of vertically aligned CNT arrays in real-time, a 
specialized reaction gas-pulse system was constructed. This pulse system utilizes a 
collection of two- and three-way valves controlled by LabView software to rapidly (ms 
time-scale) switch between a "growth" state and a "mark" state. The growth state 
corresponds to normal SWNT array growth, whereas the mark state corresponds to a brief 
period of time without catalyst exposure to C2H2, which results in the formation of a 
horizontal line in the vertical array when imaged using scanning electron microscopy 
(SEM). The growth rate is simply the height between two marks divided by the growth 
time. In the growth state, the conditions are as noted previously, whereas in the mark 
state, the reaction mixture consisted of only 400 seem H2 and 2 seem H2O. This general 
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Figure 7-1. Side view SEM "bundle-view" image depicting part of a carpet grown via 
the pulsing process. 
approach has been described elsewhere,196'197 although we note that we implement two 
new important concepts into our design: (i) the ability to perform rapid cycling with 
millisecond switching accuracy, and (ii) the ability to introduce sharp square wave pulses 
of feedstock to inhibit any artificial effects in monitoring the growth kinetics. The latter 
concept is based on the ability to adjust the vacuum pressure with a manual valve such 
that the inlet pressure and vacuum pressure of the switched gases are equal, which was 
monitored with a capacitance monometer. This means that sharp square wave pulses of 
C2H2 and rapid switching between reaction gas mixtures were achieved without artificial 
effects of C2H2 bursts or a time dependent C2H2 concentration that would arise from 
having mismatched inlet/vacuum pressures in the switching process. Following growth, 
the marks were tracked by taking multiple SEM pictures along the side of the carpet, and 
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reconstructing the full edge view of the array. Fig. 7-1 shows a representative side view 
SEM image of SWNT carpet grown by this technique, with growth marks that are clearly 
visible. Since the period of the pulses was constant, the distance between the marks was 
used to calculate the growth rate as a function of time. 
B. Transmission electron microscopy (TEM) sample preparation 
Standard TEM sample preparation methods have been utilized. For plan-view 
samples, the backside of the sample was hand-polished and dimpled down to about 5-10 
um at the center of the sample. Then, the sample was ion-milled from the backside at a 
4.5° angle and at 4.5 kV using a Gatan PIPS™ until a small hole at the center of the 
sample was created. For cross-sectional samples, the sample was stacked together with 
dummy silicon pieces using Gatan G-l Epoxy and then hand-polished on one side. After 
finishing one side, the other side was also back-polished and then dimpled down to 5-10 
urn at the center. Then, the sample was ion-milled from both sides at the same angle and 
voltage as used for the plan-view samples until small hole was made at the center of the 
sample. 
C. In-situ CNT growth 
The catalyst samples were prepared in plan view geometry and loaded into a 
Hummingbird Scientific environmental heating holder, which was inserted directly into 
the environmental-cell TEM (E-TEM, FEI 80-300 S/TEM Titan™). The heating holder 
was ramped up to the growth temperature (650-710°C) in 7.5 mTorr of H2 and was found 
to thermally stabilize after ~ 10-15 minutes. After that, 2.5 mTorr of C2H2 was added to 
the H2 background. Movies of the growth processes were recorded at a frame size of 
1024x 1024 pixels and frame rate of 12-13 frames per second. 
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Figure 7-2. Plan view TEM images of (a) as deposited and (b-d) annealed Fe/AhOs 
catalyst layers at 750 °C for various times for (b) 1 min, (c) 5 min, and (d) 15 min. 
7.3 Evolution of catalyst morphology 
I. General Picture 
In previous studies, we have shown a distinct correlation between deceleration of 
the carpet growth rate and the decrease in number density of catalyst particles. This 
mechanism for growth deceleration leads to a catalyst that has a lifetime sensitive to the 
density of the alumina catalyst support and oxygen-containing species in the reactive gas 
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mixture. Furthermore, we have identified that the decrease in catalyst number density 
occurs via both planar Ostwald ripening, as well as subsurface diffusion of Fe into the 
catalyst support. Results generally emphasize that planar Ostwald ripening occurs within 
the first ~ 5 minutes of growth (750°C), whereas the latter phase of growth results in 
primarily subsurface diffusion. Figure 7-2 clearly shows the same trend of catalyst 
evolution during thermal annealing, which was performed in typical growth conditions at 
750 °C and imaged using a plan-view configuration in the TEM. Here, the dark spots 
represent Fe particles that can be distinguished from the alumina support layer by their 
contrast in the bright field imaging mode. As is evident from Fig. 7-2, the catalyst 
particle number density and size changes upon heating. Up to 5 minutes of exposure, the 
average particle size increases as the number density decreases - characteristic of planar 
Ostwald ripening. However, after 5 minutes of exposure, the number density decreases 
and the average particle size decreases, which is the signature of significant mass-loss via 
sub-surface diffusion of metal atoms into the alumina support. 
As we show in Figure 7-3, catalyst morphology evolution occurs identically 
during carpet growth compared to the annealing conditions (without C2H2) as shown in 
Fig. 7-3. Fig. 7-3 (a) and (b) show plan-view TEM images of samples grown for 30 s and 
5 min, respectively, following oxidative removal of the carpet using a previously 
described dry transfer process.113'170 Catalyst morphology evolution between 30 s of 
growth [Fig. 7-3 (a)] to 5 min of growth [Fig. 7-3 (b)] is nearly identical to that shown in 
Figure 7-2. This confirms that changes in catalyst number density and particle size found 
in annealing experiments (i.e. same conditions as growth, but without C2H2) are 
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Figure 7-3. (a-b) Plan view TEM images of Fe/A1203 catalyst layers exposed by carpet 
removal following SWNT carpet growth for (a) 30 sec and (b) 5 min. (c-d) Cross 
sectional TEM images of Fe/AbCh foloowing SWNT carpet growth for (c) 30 sec and (d) 
30 min. 
analogous to catalyst morphology evolution that occurs during water-assisted carpet 
growth itself. Therefore, carbon feedstock introduction during growth does not appear to 
play a key role in stabilization of the catalyst particles from catalyst morphology 
evolution. In addition, cross-sectional TEM images of catalyst and support layers from 
carpets grown for 30 s and 30 min, respectively, are shown in Fig. 7-3 (c) and (d). In case 
of the sample grown for 30 s (Fig. 7-3(c)), all Fe catalyst particles are found to reside on 
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the surface of AI2O3 support. However, after 30 min of growth (Fig. 3(d)), a significant 
amount of Fe diffuses into the AI2O3 support resulting in the nucleation of stable Fe 
clusters based on a subsurface diffusion mechanism. This generally confirms that 
subsurface diffusion is a process occurring at longer times during growth (compared to 
planar Ostwald ripening) even though this mechanism also depends on the alumina 
characteristics, such as density and/or porosity. 
//. Dependence on hydrocarbon pressure and temperature 
Currently, it is widely believed that carbon, in the form of carbon coatings, or 
carbides, is the primary means for growth termination of SWNT or MWNTs. ' ' ' ' 
191,198 Yhis j s most often inferred from growth experiments that are conducted ex-situ, 
where carbon coatings or metal-carbides are found following growth, or on inactive 
catalyst particles that have been deemed as "poisoned." However, if one considers carpet 
growth termination to be a universal first-order kinetics process - which nearly all 
experiments and growth termination models seem to suggest ' ' -then there should 
be an activation energy for this termination process that depends on carbon concentration. 
In order to investigate whether this is the case, the C2H2 concentration was varied 
between - 0 . 1 % C2H2 and - 1 % C2H2 relative to the total gas pressure, under identical 
growth conditions (750°C). As shown in Figure 7-4, real-time characterization of growth 
rates, relative to the initial growth rate, indicates no strong dependence of growth 
deceleration or termination on the carbon concentration. Although the curve describing 
real-time growth rates with the lowest C2H2 concentration is shifted to slightly longer 
times, this does not appear to be a consistent trend. 
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Figure 7-4. Plots of normalized growth rate from real-time growth monitoring as a 
function of time depending on varying concentrations from 0.1% to 1% C2H2. 
Currently, it is believed that H2O, or other oxide species, act as an etching agent 
that mediates the kinetics of carbon accumulation on the catalyst particle.26 This has 
been shown to regulate the formation of successive walls in MWNT carpets, and is 
proposed as the mechanism by which supergrowth is able to achieve such high yields. 
However, the broad implication from Fig. 7-4 is that a CiF^FkO ratio between 1:4 and 
2:1 influences the catalytic activity (i.e. growth rate), but not the lifetime of the catalyst. 
Although this is a small window, it implies that the catalyst lifetime is less sensitive to 
etching kinetics of carbon than it is to other parameters, such as temperature. We should 
specifically note that this does not invalidate the idea that a key role of H2O is to 
moderate the carbon kinetics and produce clean SWNTs. However, these data do 
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Figure 7-5. (a) Plots of normalized growth rate from real-time growth monitoring as a 
function of time depending on varying growth temperatures from 600 °C to 800 °C. (b) 
Measured number density of Fe catalyst particles as function of time depending on 
annealing temperatures from 650 °C to 800 °C. 
emphasize that the catalyst lifetime is not sensitive to small relative changes (i.e. C2H2 
pressure changing by a factor of 8-10 with respect to H2O) in etching kinetics or carbon 
flux, as one would expect if excess carbon played a key role in growth termination. 
In contrast to the hydrocarbon feedstock pressure, temperature is found to play a 
key role in growth termination. In order to investigate this, real-time measurements of 
carpet growth were performed between temperatures of 650 °C to 800 °C. Plots of 
normalized growth rates as a function of growth temperature are shown in Fig. 7-5(a). 
Compared to Fig. 7-4, it is immediately obvious that growth termination is much more 
sensitive to growth temperature than carbon concentration. At low temperatures (600-
650 °C), the growth rate after 15 minutes of carpet growth remains between 70-90% of 
the initial growth rate. This is in stark contrast to growth at 800 °C, where the growth 
rate is only 10% of the initial growth rate after only ~ 4 minutes of growth - a dramatic 
difference that will be discussed in more detail below. In addition, it is evident that the 
132 
real-time growth rate curve at 750 °C is generally similar to other temperatures, but either 
widened over a longer range of catalyst lifetimes (i.e. when lowering growth temperature), 
or further compressed into a plot with a shorter catalyst lifetime (higher temperatures). 
This clearly emphasizes that catalyst lifetime in this process is strongly dependent upon 
growth temperature, and suggests that temperature-activated processes, such as catalyst 
morphology evolution, play a key role. 
To correlate real-time growth characterization with catalyst morphology, plan-
view TEM images of the samples after 1 min and 5 mins of thermal annealing at 650, 775, 
and 800 °C were characterized, with particle number densities from a 100x100 nm area 
shown in Fig. 7-5(b) and corresponding plan-view TEM images in Fig. 7-6. In general, 
the catalyst particle number density plot in Fig. 7-5b emphasizes that increasing the 
growth temperature leads to a lower catalyst particle density. However, it should be 
noted that even at 650 °C, a significant amount of Ostwald ripening occurs in the early 
phase of growth - lowering the catalyst number density by a factor of ~ 2 within 5 
minutes. At higher temperatures, this is more apparent, with a lowering of the catalyst 
number density by almost 9 times during annealing at 800 °C. TEM images presented in 
Fig. 6 further emphasize this point, showing catalyst particles annealed between 1 minute 
and 5 minutes at different temperatures. From these images, it is evident that Ostwald 
ripening occurs more readily at higher temperatures, evidenced by the significantly larger 
particles observed during annealing at 775 °C and 800 °C. In addition, as the temperature 
is further increased to 775 °C and 800 °C (Fig. 7-6 (c)-(f)), the extreme sensitivity of the 
catalyst layer to temperature is quite apparent: the catalyst layers appear to not only have 
a substantially lower number density of particles on the surface, but also have some 
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Figure 7-6. Plan view TEM images of annealed Fe/AkOs catalyst layers for 1 min and 5 
min at (a-b) 650°C, (c-d) 775°C, and (e-f) 800°C, respectively. 
smaller particles. This emphasizes that a higher growth temperature drives a more rapid 
transition to subsurface diffusion of Fe into the AI2O3 support and further indicates that 
thermally driven catalyst morphological evolution has a significant role in growth 
termination. 
B. Evolution of catalyst support and coalescence by Brownian motion 
Until this point, growth termination by catalyst morphology evolution has been 
demonstrated under the assumption that the alumina catalyst support remains in an 
amorphous phase, and that no center-of-mass catalyst particle motion occurs. Previous 
cross-sectional TEM imaging of alumina catalyst supports showed that the alumina, when 
deposited by standard sputtering, e-beam evaporation, or atomic layer deposition, is 
initially amorphous, and remains so during typical annealing and/or growth conditions.183 
However, cross sectional TEM images of the samples annealed for 5 min at 650 °C and 
800 °C, respectively (Fig. 7-7) indicates that temperature also plays a role in restructuring 
of the catalyst support. Here, it is clear that only 5 minutes of annealing at 800 °C 
transforms the alumina support to a denser, crystalline structure. This phase 
transformation is expected to be similar to the changes in porosity (density) observed 
during growth conditions at 750 °C for non-crystalline alumina catalyst support layers.183 
However, the enhanced temperature of 800 °C makes the porosity evolution due to the 
nucleation of alumina crystallites more rapid, and thus more influential to growth 
termination. In addition, catalyst supported by dense and/or crystalline alumina 
supporting layers leads to more rapid catalyst Ostwald ripening, and hence more rapid 
growth termination.183 Therefore, the rapid termination of growth at 800 °C is likely 
influenced not only by catalyst morphology evolution, but also the structural evolution of 
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Figure 7-7. Cross sectional TEM images of annealed Fe/Al203 catalyst layers for 5 min 
at (a) 650°C and (b) 800°C. 
the catalyst support layer. This idea could explain the sharp transition observed in 
growth experiments143 between 775 °C and 800 °C from high yield growth to essentially 
no growth. 
In addition to a structural transition, Fig. 7-7 also emphasizes the enhanced sub-
surface diffusion of metal into the alumina supporting layer at high temperatures. After 5 
min of annealing at 650 °C, the metal catalyst particles remain on the surface of the 
catalyst support. However, after 5 min of annealing at 800 °C, a substantial amount of Fe 
is found to diffuse into the alumina support, leading to the nucleation of large metal 
clusters. Since Fe has a higher surface energy than alumina (~ 2.6 J/m for Fe, ~ 0.8 
J/cm2 for y-alumina33), the free energy of an Fe particle in the bulk of alumina will be 
substantially lower than an Fe particle on the alumina surface. This means that Fe 
ultimately favors forming large particles in the alumina bulk (Figs. 7-3d, 7-7b), if Fe 
atomic diffusion is not kinetically limited by the catalyst support. However, the rapid 
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migration of metal into the alumina and coincident observance of a structural phase 
transition in the alumina support may suggest that at temperatures near 800 °C, 
crystallization may begin at the surface. Such a process may allow pores to evolve near 
the surface, and expose Fe atoms migrating across the surface to the bulk. This may 
explain why subsurface diffusion during growth at 750 °C is observed in the latter part of 
growth, whereas Ostwald ripening is observed in the early (<5 min) part. Since the 
evolution of the porosity and crystallization in the alumina is itself a diffusion process, it 
is also strongly (exponentially) dependent upon temperature. This ultimately means that 
obtaining the most efficient growth is a recipe of using the highest temperature to give 
the best SWNT quality and the fastest carbon precipitation, and balancing this with both 
Ostwald ripening and the evolution of the catalyst support, which are diffusion processes 
strongly influenced by increasing growth temperature. As a result, supergrowth is 
typically only "super," or most efficient, in a narrow temperature window of 750-
775 °C,26'76'143 as dictated by the catalyst support evolution. 
Additionally, whereas our studies have thus far emphasized atomic diffusion of Fe 
metal across planar surfaces, or into the subsurface layers of the alumina, it is interesting 
to consider the role of center-of-mass particle motion. In the case of SWNT supergrowth, 
many of the SWNTs have diameters of less than 2.5 nm, suggesting the presence of many 
particles with similar diameters. For many of the smallest particles, thermal fluctuations 
at temperatures within the temperature window typically utilized for carpet growth may 
be sufficient to cause Brownian motion of a particle across the surface. Shown in Figure 
7-8 are four frames of a video taken during in-situ annealing 650 °C in 7.5 mTorr of H2. 
Here, the labeled Fe nanoparticle (with diameter ~ 2.5 nm) clearly moves across the 
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Figure 7-8. Four snapshots showing center of mass motion of Fe catalyst particles 
extracted from recorded video during in-situ annealing at 650°C in 7.5 mTorr of H2. 
surface via center-of-mass motion, contrary to simple atomistic diffusion. It should be 
noted that the low-contrast material in the cross-sectional TEM image on which the 
particle moves is likely to be a carbonaceous coating. Although it remains unclear 
whether such motions occur on a clean alumina surface, it is possible that catalytic 
activity of a reactive alumina layer could lead to excessive carbon build-up that allows 
Brownian motion of particles to occur. Nonetheless, at higher temperatures and with 
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Figure 7-9. Four snapshots showing individual SWNT growth termination by catalyst 
size evolution extracted from recorded video during in-situ growth at 650°C in 2.5 mTorr 
of C2H2 and 7.5 mTorr of H2. 
smaller particles, such motions cannot be ruled out in the early phase of growth, and 
could play a role in the rapid decrease of catalyst number density within the first minute 
or less. In any case, this emphasizes the complexity of this catalyst and catalyst support 
system, and suggests that catalyst morphology evolution may extend beyond the simple 
picture of planar Ostwald ripening of Fe atoms on a static alumina support. 
C. In-situ observation of CNT growth termination 
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Finally, individual CNT growth termination events due to the evolution of catalyst 
particles were observed in-situ, with four snapshots of one event shown in Fig. 7-9. In-
situ growth experiments in E-TEM were performed at 650 °C in 2.5 mTorr of C2H2 and 
7.5 mTorr of H2. Initially a 4 nm Fe particle is growing a SWNT in Fig. 7-9(a) and 
continues to grow the SWNT until the particle shrinks to ~ 2 nm. Then, the growth is 
terminated as shown in Fig. 7-9(c) and the particle continues to decrease in size. In 
addition to simply validating the picture observed with ex-situ TEM characterization and 
real-time growth, Fig. 7-9 also gives further insight into the details of growth termination 
via this mechanism. First of all, analysis of the SWNT diameter reveals little, if any, 
change to diameter as growth proceeds. Recent work by Hasegawa and Noda199 finds a 
consistent diameter change of their millimeter long SWNTs during growth, which 
appears consistent with the picture of Ostwald ripening and catalyst morphology 
evolution discussed here. However, for the growing SWNT to change diameter during 
growth requires either the formation of a large number (since the diameter is > 2 nm) of 
5-7 pair defect sites in the lattice,200 or else complete deanchoring of the SWNT from the 
catalyst and subsequent renucleation of a new SWNT that better matches the evolving 
nanoparticle diameter. The other explanation is that the diameters of the SWNT remain 
invariant during growth, but the catalyst spontaneously deactivates after a significant 
perturbation in size, a concept that best fits with results of Meshot et al.145'l90, where a 
mass density that decreases in the array during growth is reported. Furthermore, this 
appears to be in agreement with the growth observed during in-situ TEM, where diameter 
appears to be invariant during growth amidst catalyst particle diameter changes. Such a 
case implies that SWNT arrays are composed of many ultra-long SWNTs with large 
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diameters (2.5 + nm, such as those typically observed in this process ' ), but also some 
shorter SWNTs with smaller diameters that deactivate early in the growth. TEM 
characterization by Hasegawa and Noda199 find that larger diameter SWNTs are prevalent 
near the bottom part of the array, which is consistent with the early deactivation of 
smaller diameter SWNTs during growth. A plethora of questions arise from this simple 
concept that could open new routes for theoretical insights that have not yet been 
explored. Until now, theoretical modeling of growth has considered the catalyst particle 
to be in a volume conserving ensemble, which is not the case if the particle size evolves 
during growth. ' The implications of a changing particle size on features of SWNT 
growth: chirality control,203 growth rates, etc. could play a key role in harnessing unique 
control in the growth process. Such ideas could be the key to recent advances in the 
ability to preferentially grow type-specific SWNTs.204 In any case, this demonstrates a 
facet of ongoing research based on these unique self-assembled SWNT materials, which 
have substantial promise for producing ultra-long aligned SWNT scaffolds for a host of 
emerging applications. 
7.4 Conclusions 
We demonstrate insight to the picture of growth termination of SWNT carpet 
arrays through catalyst morphology evolution. Utilizing a combination of growth 
kinetics studies, and different modalities of microscopy, we confirm both planar Ostwald 
ripening of Fe metal atoms as well as sub-surface diffusion of metal atoms into the 
alumina bulk as primary termination mechanisms. We show that temperature is a critical 
parameter in growth termination of carpets, while changing the H20:C2H2 ratio between 
4:1 and 1:2 yields no observable effect on catalyst lifetime. In addition, temperature has 
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a strong effect of influencing the catalyst particle number density during growth and 
leading to early growth termination. We also report two new processes relevant to 
catalyst morphology evolution, namely that (i) growth near 800 °C terminates rapidly 
based on a structural transition in the alumina support, and (ii) in-situ growth at 650 °C 
suggests center-of-mass particle motions can also influence the catalyst particle density 
due to coalescence of small metal clusters. Finally, we emphasize the general picture of 
growth termination of individual SWNTs by catalyst morphology evolution using in-situ 
microscopy during growth. This raises many questions regarding the role of an evolving 
catalyst layer on the carbon nanotube growth that motivates future experiments and 
modeling efforts. This work provides a first step in identifying processes hindering the 
presence of "immortal" catalysts so that future efforts designed to produce ultra-long 
SWNT can be based on rational engineering approaches. 
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Chapter 8: "Flying Carpet" Growth From Nanostructured 
Flake Substrates 
8.1 Introduction 
The growth of carbon nanotubes in architectures directly applicable into technological 
applications has captured much attention since their discovery.1 The growth of multi-
walled " and, more recently, single-walled carbon nanotubes ' ' ' in aligned 
arrays has brought about new opportunities for applications of these materials.57'74'108 
Since the properties of aligned carbon nanotubes, including electrical and thermal 
conductivity and mechanical strength, are enhanced when the nanotubes are aligned,209 
there has been much effort made to directly synthesize aligned carbon nanotube arrays, 
and implement these materials into useful applications. In addition, aligned carbon 
nanotube arrays are typically grown from a catalyst that is pinned to the substrate, leaving 
the ultra-long nanotubes grown in this method virtually free of any catalyst decoration of 
nanotube side-walls. 
Although these materials have been studied and characterized thoroughly, there 
exist a number of drawbacks to their large-scale production. First and foremost, aligned 
carbon nanotube arrays are typically supported by a catalyst coated thin oxide layer that 
is evaporated onto a silicon wafer.78'89 In the case of vertically aligned single-walled 
carbon nanotube (SWNT) arrays (carpets), the mass yield of SWNTs with respect to the 
substrate materials is extremely low (typically around 0.3-0.5%). As a result, the 
production of aligned SWNTs is inherently expensive as compared to other methods, 
such as CVD growth on powders or spheroidal substrates, " as well as processes 
such as HIPCO.14 Typical yields from entangled SWNT growth on powders can be up to 
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30%, leaving this as being the most versatile and cost effective from an industrial 
standpoint. However, SWNT growth from powders involves a catalyst with a relatively 
short lifetime- mostly due to the entangled nature of growth. In addition, aligned carpet 
growth has been achieved on spheres in CVD as well.213 Despite the high-density nature 
of the growth at the base of the sphere, the high-density growth can not be sustained with 
ultra-long tubes, as the nanotube density near the top of the carpet will constantly be 
lower as growth proceeds. This is problematic for nanostructured spheroidal substrates, 
and limits the yield that can be obtained. 
Therefore, it is of both scientific and commercial interest to have a scalable 
method to produce aligned SWNT carpets which minimizes the cost and amount of 
substrate materials and maximizes the yield of SWNTs that can be grown from these 
materials. In addition, it is attractive to have a material where post-growth processing 
can take place with a limited number of steps, and channels for direct applications, such 
as the spinning of SWNT fibers, can be realistically envisioned with a minimum number 
of intermediate steps. In this chapter, the first results are presented for such a material 
composed of aligned carbon nanotubes grown from substrates that are nanostructured in 
one dimension (40 nm), and microstructured in two other dimensions, and can be grown 
to aspect ratios (length/width) exceeding 100, with carbon nanotube yields greater than 
400% before the occurrence of catalyst death- suggesting the possibility of even higher 
yields with this method. In addition, we demonstrate growth of this material that 
maximizes the amount of catalyst-coated substrate area contained inside of the reaction-
zone volume through chemical vapor deposition where the flake substrates are free-
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floating in the flow of gases leading to the formation of "flying" carbon nanotube arrays, 
or "flying carpets." 
8.2 Flying Carpet Growth 
An important aspect of the flying carpet growth is the process for making the 
substrates. A diagram depicting the stages of this process is shown in Fig. 8-1(a). First 
of all, roll-to-roll e-beam evaporation on a thin, mylar roll is utilized for a triple layer 
deposition. In a roll-to-roll process, the deposition rate is adjusted by both the velocity of 
the take-up reel as well as the deposition rate due to heating of the crucible with the 
electron beam. As a result, a 100 foot mylar roll can be used as a base material for the 
deposition of three layers: a release layer that can be dissolved in a solvent treatment, a 
catalyst support layer (AI2O3), and the catalyst layer (Fe). In our case, the sacrificial 
release layer was composed of 400 nm of NaCl, deposited directly onto an untreated, 
clean mylar roll. In order to produce the flakes, the release layer is dissolved away in 
water, detaching the thin catalyst-coated alumina layer (40 nm thick in the present case) 
into flakes, which can then be dried, filtered, and collected. The filter utilized removed 
all flakes in excess of 20 /mi. The flakes are then ground in a mortar and pestle and 
ready for CVD growth. Fig 8-1 (b) shows a picture of the flakes on a $20 bill, and fig. 8-
1(c) shows a distribution of flake sizes, taken from 101 flakes with a Scanning Electron 
Microscope (SEM) where the reported size is along the longest direction in the 
microstructured plane of the flake. From SEM images, the majority offtakes are between 
1-8 microns in width, with a small quantity of larger flakes present as well. It should be 
noted that this width directly controls the diameter of the flying carpets grown in CVD, 
giving indication for the sizes of flying carpets typically grown in this method. 
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Figure 8-1. (a) Diagram of the process by which the flake substrates are made. The three 
steps of this process are: the roll-to-roll deposition of the support and catalyst on a 
release layer (400 nm of NaCl), the dissolving of the release layer in a solvent (water) to 
free the catalyst coated support layer flakes, and drying the flakes, (b). Picture of flakes 
on a $20, indicating texture of dried flake material, and (c) size distribution of flakes, 
along the longest axis in the microstructured plane of the flake, taken by Scanning 
Electron Microscopy. This distribution correlates to the diameters of individual flying 
carpet fibrils. 
Flying carpets were synthesized in a hot filament chemical vapor deposition 
on 
apparatus. This type of apparatus has been described in detail elsewhere, but relies 
upon atomic hydrogen for the rapid reduction of ¥Q2Oi catalyst into metallic Fe for 
efficient growth of small diameter, single-walled carbon nanotubes. Prior to growth, the 
flake material is loaded into a mesh cage, where the growth gases can penetrate the cage, 
but with mesh pores small enough that reasonable growth rates of nanotubes in the flying 
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Figure 8-2. (a) top-view and (b) side-view (of a cluster) Scanning Electron Microscope 
(SEM) images of flakes produced in the roll-to-roll process. Notice the transparent 
nature of the flake in (a) to the underlying flakes, (c-d) SEM images of typical low-
aspect ratio fibrils grown at the lowest CVD growth gas pressure. Notice the broken 
flake in (d) representing stresses in the fibrils as their diameters become large. 
carpets will keep them confined inside the cage once lift-off occurs in the flow of growth 
gas. An image of a typical mesh cage utilized for growth is shown in supporting 
information. 
Figure 8-2(a) and (b) show side and top-view SEM images of the flakes prior to 
growth. The thin nature of the flake can be noticed in Fig. 8-2(a), as it is somewhat 
transparent to the larger flake it is sitting on. SEM images shown in Figs. 8-2(c) and 8-
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2(d) are images of some low-aspect-ratio flying carpets that are obtained by growth at 1.4 
Torr reaction zone pressure, after 30 minutes and 150 minutes of growth, respectively. In 
general, we observe that growth of flying carpets in the hot-filament CVD apparatus 
mimics growth of vertically aligned SWNTs from flat Si-supported wafers, in that 
changes in the growth conditions: time, temperature, and gas pressure, are directly related 
to features of the nanotubes that are grown. As a result, the duration of growth time 
and/or pressure of gas inside of the reaction zone are parameters that can be changed to 
enhance the length of the nanotubes grown in the flying carpets. Fig. 8-3 shows SEM 
images of some typical high aspect-ratio flying carpets grown in the CVD reactor. In 
both cases, the diameters of the flying carpets are between 5-7 microns, which 
corresponds well to the most abundant flake sizes shown in Fig. 1. However, in SEM 
images presented in both (A) and (B) of Fig. 8-3, the lengths of the flying carpets are well 
over 200 microns, yielding aspect ratios (length/width) greater than 40. One intrinsic 
feature of the growth of nanotube arrays from these nanostructured flakes is that the 
flying carpets are not constrained in a geometry that is dictated by the substrate, but 
rather free to grow in such a way as to minimize the stresses associated with the growth 
of a SWNT carpet from a coated Si wafer. This is apparent in Fig. 8-3, as the flying 
carpet "filaments" tend to be twisted or curled at some points. In general, the filaments 
observed under SEM to have aspect ratios comparable or larger than those shown in Fig. 
8-3 tend to coil on themselves, resulting in difficulty with determining the length of the 
flying carpet. However, under pressures ranging between 1.4 and 15 Torr, with growth 
times of 150 minutes, typical distributions of flying carpets were between 50 and 400 
microns, with cross-sectional diameters ranging between 1 and 20 microns. 
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Figure 8-3. (a)-(b) SEM images of high aspect-ratio flying carpet fibrils and 
accompanying high-magnification images of carbon nanotube bundles making up the 
fibrils. The end of the fibril containing the catalyst coated flake is also inset in (b). Note 
the twists and curls in the high aspect-ratio fibrils. 
Also important for the flying carpets presented here is the features of the 
nanotubes themselves- specifically the quality of the nanotubes as measured by Raman 
spectroscopy, as well as some indication of the nanotube diameters present in the flying 
carpets. The focus of characterization of the nanotubes will be those grown under 
optimal conditions for SWNT growth in reaction pressures of 1.4 Torr (images presented 
in Fig. 8-2). Further characterization of flying carpet growth at higher pressures is 
available in the supporting information. Fig. 8-4(a) shows Raman spectra, taken with a 
785 nm laser in a Kaiser fiber-optic liquid Raman device. Here, the flying carpets were 
dispersed in 1 wt% sodium deoxycholate by tip sonication, and centrifuged at 12000 
RPM for 75 minutes. This treatment was observed to be enough to remove residual 
flakes and/or particulates from the solution containing the dispersed nanotubes. The 
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resulting G/D ratio is high for this dispersion, yielding a value of approximately 35 after 
subtracting the baseline noise from both D and G peaks. It should be noted that there is a 
broad peak between the G and D peak in the spectra shown in Fig. 4(a) that is due to 
fluorescence emission from a small diameter semiconducting SWNT overlapping with 
the Raman spectra. However, this indicates that the nanotubes grown in the flying 
carpets are of comparable quality to entangled nanotubes grown in processes such as 
HIPCO or CoMoCat.214 Also inset in Fig. 8-4(a) are radial breathing modes (RBM) 
from 785 nm liquid Raman, indicating the presence of single-walled carbon nanotubes in 
the flying carpets. This is better presented by Fig. 8-4(b), which shows RBMs of the 
same flying carpet material, except in a solid form with no surfactant suspension, 
compared to as-grown wafer-carpets and a fiber spun from aligned HIPCO SWNTs. 
With a 633 nm laser, there are several RBMs evident- six of which are assigned to 
frequencies corresponding to nanotubes with diameters ranging between 0.6 and 1.8 nm. 
In addition, the wafer-grown carpets seem to have a similar RBM spectrum to the flying 
carpets, except the RBM frequencies corresponding to the largest nanotubes (near 100 
cm"1) seem to be almost absent for the flying carpets. In addition, the D and G peaks for 
the solid flying carpet material inset in Fig. 4(b) indicate a G/D ratio of approximately 10. 
Comparing this to the G/D ratio established through liquid Raman measurements of 
dispersed SWNTs, this suggests the presence of a reasonable amount of amorphous 
carbon in the as-grown sample. However, a G/D ratio of 10 in the as-grown material is 
still indicative of the presence of high quality SWNTs. 
The observation of high-quality, small-diameter, single-walled carbon nanotubes 
in Raman spectroscopy is further emphasized by fluorescence spectra shown in Fig. 8-5. 
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Figure 8-4. (a) Raman spectroscopy of the D and G peaks of surfactant suspended flying 
carpets with 785 nm optical excitations from an optical probe. Radial breathing modes 
(RBM) are inset, (b) Raman spectroscopy comparing RBM spectra of: as-grown flying 
carpet fibrils, as-grown wafer-supported carpets, and a neat, aligned SWNT fiber spun 
from nanotubes grown in HIPCO, using a 633 nm laser. Inset in (b) is the D and G bands 
of the solid flying carpet material, for comparison to (a). 
Since only semiconducting, single-walled carbon nanotubes are known to fluoresce, 
we utilized optical excitations at 660 and 785 nm to monitor the presence of surfactant-
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Figure 8-5. Comparison of fluorescence emission spectra of surfactant suspended flying 
carpet SWNTs and flat, Si wafer grown SWNTs utilizing the same growth conditions, 
with (a) 660 nm excitations, and (b) 780 nm excitations. (n,m) assignments are made to 
the most apparent emission peaks corresponding to individual SWNTs. 
suspended SWNTs from flying carpets. (n,m) assignments for individual fluorescence 
peaks shown in Fig. 8-5 indicate that the flying carpets are rich in semiconducting 
SWNTs. A comparison of flying carpet SWNTs to SWNTs grown in carpets on Si 
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supported wafers under the same conditions indicates only a slightly different relative 
population of SWNTs, shifted more toward the smaller diameter nanotubes (which are 
assigned to peaks at lower emission wavelengths), consistent with the general 
observations made through the RBMs in Fig. 8-4(b). One possible reason for the smaller 
diameter SWNTs present in flying carpets is that the deposition rate in the roll-to-roll e-
beam deposition apparatus is greater than that used in e-beam deposition of Fe on a solid 
wafer (typically 0.5 A/second). This could lead to more nucleation sites for Fe island 
growth on AI2O3, leading to smaller overall catalyst size in the roll-to-roll process. 
We also observe there is good consistency between the flying carpet material and 
the wafer supported carpets in the sense that changes of growth conditions; in particular, 
increasing gas pressure inside the reaction zone, leads to lower values for G/D ratios, and 
evidence of more few-wall nanotubes and larger diameter SWNTs being grown. This 
consistency means that the growth observed in flying carpets can be understood in the 
same phenomenological framework as that which has been developed for wafer 
supported carpets. 7' 8 This means that, as we demonstrate, optimum growth conditions 
(highest growth temperatures, lowest carbon flux) can be achieved to yield growth of 
purely single-walled carbon nanotubes. However, by only changing a few parameters 
(lowering the temperature and/or increasing carbon flux), one can just as easily grow 
larger diameter SWNTs and few-walled nanotubes. 
Even though it is more often than not desired to have high quality SWNTs in the 
carpet, there are some applications where a high productivity of SWNTs along with two 
and three walled carbon nanotubes is attractive. One example of such an application is in 
field emission displays, where the exceptional high aspect-ratio of such nanotubes is 
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sought. High resolution transmission electron microscope images of carbon nanotubes 
grown from flying carpet substrates at 25 Torr indicate that there is a mixture of small-
diameter SWNTs (diameter less than 1.5 nm), large diameter SWNTs (diameters between 
1.5-6 nm), as well as few-walled multi-walled carbon nanotubes present under such 
conditions. Under such conditions, G/D ratios also decrease to below 2, indicative of a 
higher D band which we typically observe to be characteristic of multi-walled carbon 
nanotube presence. However, growth at 25 Torr for 180 minutes yields over four times 
the mass of nanotubes than the starting material, as measured by a precision balance (i.e. 
over a 400% yield of nanotubes relative to the starting substrate materials). Starting with 
only 3.4 mg of flake material, we can produce 18.6 mg of combined flakes and 
nanotubes. This is reproducible with growth at 12 Torr as well, where after 300 minutes 
of growth, a similar yield is obtained. Comparing the yield of nanotubes between growth 
at 1.4 Torr (high quality SWNTs) and 25 Torr reaction pressures for a growth duration of 
60 minutes, the yields were 41% and 129%, respectively. It is important to also note that 
the duration of growth at 1.4 Torr reaction pressure for wafer supported carpets has been 
found to exceed 6 hours- suggesting that the potential SWNT yields that can be achieved 
by this method are much higher than those reported here. 
In addition, we have also grown flying carpets with catalyst layer thicknesses of 
up to 5 nm. SEM images of flying carpets grown from thick catalyst layers (see 
supporting info) supports the growth of large diameter, multi-walled carbon nanotubes 
from this catalyst thickness and under conditions of the lowest pressure. As a result, we 
have shown that both reaction zone pressure and catalyst thickness can be varied to grow 
SWNTs, few-walled carbon nanotubes, as well as large MWNTs in a similar way to 
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carpet growth, but from nanostructured substrates made by a roll-to-roll deposition 
technique. 
Finally, it is interesting to consider the scalability of such a scheme. Our choice 
of AI2O3 as a flake material is due to vast literature indicating that an AI2O3 support layer 
is typically the best for carpet growth. However, other materials, such as MgO106 or 
TiN215 have been shown to be possible supports for carpet growth as well. MgO is 
interesting because it can be removed in a light HC1 etch- similar to that of the Fe203 
catalyst. This would mean that processing of nanotubes from flying carpet materials 
grown on MgO supports could undergo one-step liquid processing for removal of both 
catalyst and substrate. In addition, growth on conductive supporting layers, such as TiN, 
could be directly implemented into electronic applications since growth takes place on a 
conductive substrate. In any case, we show here a robust method for producing 
nanostructured flakes that can support carpet growth without the stranglehold of 
entangled growth from nanostructured spheroidal substrates,211"213 as well as the low 
nanotube yield of carpets from flat, coated Si wafers. We show that hot filament 
chemical vapor deposition is an efficient route for producing flying carpets, and that high 
quality, small diameter, SWNT populated flying carpets can be synthesized, with high 
aspect-ratios, under optimum conditions for SWNT growth. 
8.3 Conclusions 
We demonstrate here the ability to make fibrils, or "flying carpets," from 
nanostructured flake substrates utilizing a roll-to-roll e-beam deposition method to 
prepare the catalyst and catalyst supports. We find that growth of these fibrils can be 
achieved using water-assisted CVD, with the length and quality of the SWNTs/CNTs 
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related to reactor conditions. Finally we emphasize this route as a straight-forward 
approach to making ultra-high yields of SWNTs with respect to the substrate materials. 
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Chapter 9: Odako Growth of Vertically Aligned Carbon 
Nanotube Arrays on Carbon Surfaces 
9.1 Introduction 
The discovery that carbon nanotubes (CNT), and single-walled carbon nanotubes 
(SWNT) in particular, can be grown in dense, aligned arrays ' ' has inspired a 
continuous flow of innovative discoveries with great potential to substantially impact 
important future applications. Among these applications are super-capacitors,66 field 
emitters, transparent and aligned conductive films, adhesive tapes, membrane 
filters,74 and loudspeaker devices,61 among others. Incredibly, the super-growth process 
to rapidly produce ultra-long, aligned single-walled carbon nanotubes is continuing to 
inspire new, important applications. Nonetheless, the drawback of the growth process for 
direct integration of as-grown, aligned SWNT material into many applications is the 
requirement of a thin oxide layer between the catalyst and the growth substrate to support 
the catalyst formation and activity. Although simple and efficient techniques have been 
developed to transfer aligned SWNTs to host surfaces,113 the most attractive situation 
involves a growth process where the catalytic activity takes place directly at the interface 
of a desired material, such as a carbon or conducting surface. Despite the exciting 
mechanical and electrical properties of SWNTs combined with the as-aligned, ultra-long 
SWNT material grown in the water-assisted super-growth process, the sensitivity of the 
growth process to the alumina catalyst support severely limits the potential applications 
for these materials. 
As a result, there has been a substantial interest in the growth of CNTs without the 
presence of an oxide support, and directly on the surface of interest. Of all materials, 
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Figure 9-1. Photograph of an "Odako," or a giant kite typically flown at annual Japanese 
festivals. Image taken from 
http://farml.static.flickr.com/164/359023438_0e376a7240.jpg?v=0, accessed 3-13-09. 
carbon materials are exciting since the strong, lightweight nature of carbon fibers, in 
particular, make them a primary component of multifunctional composite materials well-
equipped for use in the aerospace industry. Due to this, there has been an extensive effort 
to grow multi-walled nanotubes (MWNT) and nano-fibrillar carbon structures on carbon 
materials,216"221 with only a few recent studies reporting high density MWNT growth. To 
achieve this, an alumina layer218 or a Si02219 layer between the carbon surface and 
nanotubes is a necessary component to achieve reasonable growth. Direct growth on 
carbon surfaces ' ' ' results in sparse nanotubes grown with low yields in concert 
with a potentially damaged surface from the catalyst layer. Therefore, any growth 
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process which results in high density SWNT growth that preserves a SWNT/carbon fiber 
interface, a product of the work presented in this study, has not yet been demonstrated. 
Therefore, in this work we present first results depicting a form of growth that 
combines aspects of tip, or "kite" growth, and the typical base-growth achieved in the 
water-assisted super-growth technique by growing dense, aligned SWNTs from the tips 
of fibrils supporting thin, flexible oxide flakes. The result is what we call "odako" 
growth, where odako is a Japanese word which literally means "giant kite." (Fig. 9-1) 
This name is given since dense SWNT structures are grown from a flake of alumina 
(broken from a continuous, deposited layer) which lifts away from the growth substrate 
supporting many thousand catalyst on its underside growing SWNT. The SWNT remain 
attached to the growth substrate, tethering down the flake. The result of this growth 
process is a material where SWNT reside at the interface of the growth substrate, while 
the oxide-layer and catalyst remain constantly exposed to the reaction gas flow at the top. 
Here, we detail the aspects of this novel growth technique, and emphasize applications 
and processes which may be achieved based upon this process for aligned SWNT growth. 
9.2 Experimental Details 
In order to achieve the growth reported in this study, we utilize low-pressure (1.4 
Torr) water-assisted growth conditions with atomic hydrogen catalyst activation, as 
described in detail elsewhere.30'75'112'143 This involves exposure to atomic hydrogen, 
produced via a tungsten hot filament, for 30 seconds in the presence of H2 prior to growth 
following rapid sample insertion to a pre-heated furnace. In order to grow dense SWNT 
arrays, a flow of 400 seem H2, 2 seem H2O, and 2 seem C2H2 were utilized at a 
temperature of 750°C, as this provides the optimal conditions for SWNT growth in this 
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Figure 9-2. Illustration of the "odako" growth process, starting from catalyst deposition, 
heating, and then growth. 
process. In some cases, an elevated pressure (25 Torr) was utilized to increase the C2H2 
partial pressure and the total decomposition rate on the catalyst (and hence, growth rate). 
This yields faster growth of the SWNT arrays at the expense of the formation of some 
double and few-walled carbon nanotubes amidst the SWNT population.143 Nonetheless, 
the utilization of a low-pressure CVD system is geared toward a slower growth process 
than the well-known atmospheric supergrowth, as the active carbon source is only 
abundant with partial pressures of a few mTorr. This results in a typical SWNT array 
growth of ~ 100 microns, instead of ~ 1 mm at 1.4 Torr. 
The typical process by which odako growth takes place is illustrated in Fig. 9-2. 
In order to achieve odako growth, an ultra-thin catalyst layer (Fe) 1 nm thick is deposited 
directly onto a carbon surface via e-beam. Two types of carbon surfaces: grafoil and 
carbon fibers, were utilized for this study. Directly following the deposition of the 
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catalyst layer, an overlayer of alumina (AI2O3) 5 nm thick is deposited onto the catalyst. 
Our recent studies focused on imaging the morphology of thin catalyst films emphasize 
that catalyst deposition results in the formation of Fe islands due to the balance of the 
catalyst-surface interfacial interaction relative to the intra-particle atomic interactions.30 
This means that the deposition of the alumina overlayer results in the formation of a 
continuous film of alumina that not only interacts with the deposited catalyst islands, but 
also with the carbon surface. Upon rapid insertion into the hot furnace in the presence of 
atomic hydrogen, the alumina layer will crack into small flakes- a feature inherent to a 
brittle e-beamed amorphous alumina layer, and carbon will be catalyzed from the 
exposed edges. Lift-off of the alumina flake will occur due to the volatility of the 
alumina-carbon interface (CO bond) in the presence of hydrogen, which will hydrogenate 
the C species and detach the AI2O3 flake. Since detachment occurs in the presence of 
carbon, SWNT nucleation occurs while the catalyst particle is at the interface of the 
carbon surface, leaving the first carbon precipitates "molded' by the carbon surface and 
likely allowing some sp carbon bond formation between SWNTs and the carbon surface. 
This appears to tether down the dense SWNT array while the flake supporting the catalyst 
is constantly exposed to the incoming C2H2 feedstock. This process is generally 
illustrated in Fig. 9-2, and will be depicted experimentally in images presented in the next 
section. 
9.3 Odako Growth on Graf oil 
A high magnification scanning electron microscope (SEM) image, shown in Fig. 
9-3, demonstrates the concept of odako growth of dense SWNT arrays on a grafoil 
surface. As demonstrated in Fig. 9-2, odako growth involves the detachment of 5 nm 
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Figure 9-3. SEM image of an individual fibril made by the odako growth process. Inset 
is a high-mag. image of the flake showing the catalyst particles (scale bar = 50 nm). 
thick flakes of alumina which support the catalyst islands responsible for the growth of 
the dense SWNT arrays. This is evident in Fig. 9-3, as both the alumina flake and the 
catalyst particles on the underside (inset) of the flake are visible. The thin nature of the 
flake in Fig. 9-3 results in a level of transparency that allows for the imaging of the 
catalyst layer on the underside. This is not surprising since we recently reported flakes of 
40 nm thickness that were also transparent in SEM images. The inset image in Fig. 9-
3(scale bar = 50 nm) demonstrates a higher magnification view of the catalyst layer, 
which emphasizes oxide catalyst particles following growth having a size distribution 
consistent with previous transmission electron microscope (TEM) imaging experiments. 
It should be noted that X-ray photoelectron spectroscopy (XPS) characterization of a 
162 
homogenous layer of odako fibrils grown from a grafoil surface indicates a clear presence 
of Fe and AI2O3 residing at the tips of the fibrils following growth (see supporting info). 
Since the penetration depth of electrons ejected by incoming X-rays is not likely deeper 
than 10 nm into the surface, the presence of a substantial amount of catalyst (especially in 
the surface geometry demonstrated by the SEM image shown in supporting info) is 
further proof that the Fe is adhering to the alumina flake during lift-off and is responsible 
for the growth of the SWNT arrays. This is not surprising, since the growth of dense 
SWNT arrays via the classical base-growth mechanism is inherently dependent on the 
presence of an alumina surface to support the catalyst layer. Therefore, our ability to 
grow long, dense arrays of SWNTs is a principle indication that the catalyst is supported 
by the alumina flakes positioned at the tips of the fibrils. As will be discussed at a later 
point, control experiments where 1 nm of Fe is deposited onto a carbon fiber surface 
resulted in no measurable carbon nanotube growth- further emphasizing this model for 
"odako" growth. In addition, it is also interesting to note that the appearance of the flake 
in Fig. 9-3 emphasizes its flexible nature, allowing it to fold over and appear as a "cap" 
on the growing SWNT array. This is an inherent feature to such a thin oxide layer, and 
opens up interesting possibilities for catalyst-layer nanoscale manipulation. 
Further SEM images, presented in Fig. 9-4, illustrate the concept of odako growth 
on a grafoil surface both with growth carried out at low pressure (1.4 Torr) for 15 
minutes (Fig. 9-4a-b), and at elevated pressures (25 Torr) for 30 minutes (Fig. 9-4c-d). In 
general, we note that the odako growth process takes place with the same efficiency as 
typical super-growth, resulting in uniform and dense array growth over the complete 
surface. The primary difference between the two is the formation of alumina flakes 
163 
Figure 9-4. SEM images of SWNT fibrils produced via the odako growth process for low 
pressure (1.4 Torr, (a) and (b)), and high pressure (25 Torr, (c) and (d)) growth conditions. 
supporting the catalyst, resulting in the growth of individual, compact fibrils of SWNTs 
instead of a bulk array. From the SEM images depicting odako growth at elevated 
pressures (Fig. 9-4c-d), it is evident that odako growth occurs uniformly over the whole 
surface. Higher magnification images of these fibrils (Fig. 9-4d) indicate growth via the 
same mechanism as presented in Fig. 9-2, with an evident layer of alumina capping the 
exposed ends of the SWNT array. In all images obtained of this growth process, it is 
evident that, regardless of the length or size of the fibril, it always appears anchored to 
the carbon surface. Despite our efforts, it should be noted that the level of adhesion 
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Figure 9-5. Raman spectroscopy on aligned carbon nanotube fibrils formed through the 
odako growth process: (a) D and G bands, and (b) radial breathing modes with 
excitations at three laser lines between 514-785 nm. 
between the fibrils and the carbon surface is difficult to test in any well-defined way. 
Utilizing an adhesive to contact a thick layer of fibrils (as shown in Fig. 9-4c), where 
there is no carbon surface exposed to the adhesive, we find that removal of the adhesive 
also detaches layers of graphite from the grafoil, leaving the grafoil-SWNT interface in-
tact. In addition, tests where the surface is wet with a solvent (ethanol) and allowed to 
dry, capillary force-induced drying of the S WNTs appears to leave the interface between 
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the fibril and the carbon surface in-tact, despite the densification of the fibrils and 
mechanical stresses in the layer due to inter-fibril interactions. Therefore, we emphasize 
that the fibrils qualitatively appear well-attached to the carbon surface, which could be a 
result of a nucleation phase occurring at the interface of the carbon surface- allowing the 
cap formation typical in nucleation to result in a carbon precipitate that involves C-C 
bonds to the carbon growth substrate. However, this is speculative and is a focus of 
ongoing work utilizing composite materials made from odako growth on carbon surfaces 
for mechanical testing studies. 
In order to investigate the nanotubes that are being grown in this technique, 
Raman spectroscopy (Fig. 9-5) and TEM (Fig. 9-6) were carried out. From the Raman 
spectroscopy data, a relatively low D band with respect to the G band that is typically 
evident during SWNT growth is also evident in Fig. 9-5a. The G/D ratio for 514 nm 
excitations is ~ 7, for 633 nm excitations is ~ 10.8, and for 785 nm excitations is ~ 3.5. 
The higher D-band at lower excitation energy is likely due to the presence of some 
amorphous carbon. In addition, the broad range of diameter-dependent radial breathing 
modes (RBM) at all three excitation energies (Fig. 9-5b) emphasizes a broad diameter 
distribution of SWNTs. Comparison of the three single laser-line spectra in Fig. 9-5b to a 
resonant Raman map of similar super-growth material constructed by Doom et al. 
indicates similar features. In particular, the lowest energy excitations indicate the 
presence of a family of En metallic SWNT transitions (~ 150 cm"1), and a broad range of 
En and E22 semiconducting SWNT transitions (60-130 cm"1) that emphasize the presence 
of SWNTs having diameters greater than 3 nm. Also present are a family of small 
diameter SWNTs (d < 1.5 nm) evident from RBMs at frequencies higher than 190 cm"1. 
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Figure 9-6. (a) Representative TEM image showing many SWNTs that typically are 
present in the odako growth process (both individual and bundled). Arrows are pointing 
toward regions where a cross-sectional view is visible of bundled small diameter SWNTs. 
(b) Diameter distribution of SWNTs as determined by multiple TEM images after 
sampling diameters of 164 total SWNTs. 
Furthermore, excitations at 1.96 eV (633 nm) further emphasizes the presence of some 
very small diameter SWNTs (< 0.9 nm) and also the signature of metallic and 
semiconducting SWNTs from families present in the lower energy excitation spectra. 
TEM imaging also confirms this general picture, as shown in Fig. 9-6. In order to 
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prepare the TEM sample, the SWNTs were bath sonicated in ethanol for 15 minutes, and 
drop dried onto a TEM grid. The presence of many SWNTs is visible through close 
inspection of a representative TEM image shown in Fig. 9-6a. Analysis of this image 
confirms the presence of a slight majority of larger diameter (2-4 nm) SWNTs, with some 
SWNTs observed smaller (1-2 nm) and larger (4-6 nm) as well. It should be noted that 
the smaller diameter SWNTs consistently appear highly bundled in TEM images, 
resulting in difficulty identifying them properly amidst their larger-diameter counterparts 
that reside unbundled. To better clarify their presence, arrows are placed next to spots 
where cross-sectional views of small diameter SWNTs in bundles are located. In 
addition, it should be noted that higher resolution images also emphasize the presence of 
a few nanotubes with two-three walls, even though this is typically only found to occur 
with nanotubes having diameters greater than ~ 5.5-6 nm in diameter. Although the 
general SWNT diameter distribution observed under TEM is consistent with previous 
reports utilizing this growth technique,29'112'143 a distribution of SWNT diameters from 
sampling of multiple TEM images is shown in Fig. 9-6b. It should be noted that this is 
only a crude estimate, since effects such as small-diameter SWNT bundling can 
significantly alter the measured diameter distribution. Nonetheless, the diameter 
distribution appears to fit a Lorentzian curve having a peak center located at ~ 3.1 nm. 
This is consistent with other reports utilizing the alumina supported, water-assisted 
growth technique and further emphasizes the similarity in SWNT material between this 
process and the classic base-growth process. 
9.4 Odako Growth on Carbon Fibers 
168 
In addition to growth on grafoil surfaces, we also demonstrate the concept of 
odako growth on carbon fiber surfaces. Since carbon fibers are principal components of 
lightweight composite materials utilized extensively in aerospace applications, carbon 
fibers represent a prototype material for demonstration of the odako growth process. 
Shown in Fig. 9-7 is a series of SEM images depicting the same growth process as that 
previously discussed on the surface of individual carbon fibers. In this case, the catalyst 
layer and oxide support were deposited directly onto a weave of carbon fiber mesh 
material (see supporting info). As a result, the top layer of fibers exposed to the e-beam 
source are coated with catalyst and oxide, with some fibers in the inner portion of the 
material (and under the weaved portions) uncoated. The images presented in Fig. 9-7 are 
identical to those utilized for images presented in Fig. 4, with low pressure growth carried 
out in Figs. 9-7a-b, and growth at elevated pressures carried out in Figs. 9-7c-d. From 
images in Fig. 9-7a and 9-7b, it is evident that the odako growth process occurs in the 
same fashion as discussed previously when carbon fibers are utilized as the growth 
substrate. The uncoated part shown on the left side in Fig. 9-7a represents a region where 
the weave of carbon fiber mesh on the coated material results in a portion of the fibers 
covered during deposition, and hence left uncoated by catalyst. Nonetheless, it is again 
evident that the odako growth process occurs uniformly over the carbon fiber surface. A 
higher magnification SEM image in Fig. 9-7b emphasizes the presence of alumina flakes 
at the end of the SWNT fibrils, which retain a cylindrical morphology mimicking the 
geometry of the carbon fiber surface. It should be noted that with the line-of-sight 
technique for catalyst deposition employed here (e-beam), only one side of the fiber can 
be coated with catalyst and oxide. Nonetheless, advances in the ability to coat three-
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Figure 9-7. SEM images of SWNTs grown via the odako growth process on carbon fiber 
surfaces at 1.4 Torr ( (a) and (b) ), and 25 Torr ( (c) and (d)). 
dimensional surfaces with metal, such as in atomic layer deposition (ALD) or by dip-
coating processes, provide a route where this growth technique can be utilized for the 
complete coverage of a three-dimensional surface of an object such as a carbon fiber. 
Further SEM images shown in Fig. 9-7c and 9-7d emphasize the more efficient 
growth of longer fibrils at elevated pressures from carbon fiber surfaces. For many 
applications, such as adhesion layers in composite materials, a long fibril may not be 
necessary to achieve good microscopic load transfer between fibers and the polymer 
matrix. Nonetheless, as we demonstrate here, longer fibrils can be achieved through the 
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Figure 9-8. Photograph showing a piece of carbon fiber mesh material before (right) and 
after (left) the growth process. The lack of growth on some parts of the mesh on the left 
side is due to deposition of catalyst on a weaved fabric of this material. 
water-assisted growth process carried out at elevated pressures. The SEM image shown 
in Fig. 9-7d also emphasizes the lack of residual alumina on the carbon fiber itself, since 
this would clearly appear as bright spots on the surface of the carbon fiber if it remained. 
This observation was always found to be true during imaging odako growth, as all 
deposited alumina appears to be absent at the interface with the carbon fiber surface, and 
present at the tips of the growing fibrils. Higher magnification imaging of the carbon 
fiber surface also does not indicate any significant presence of residual Fe, as is observed 
on the underside of the flake (Fig. 9-3). 
In addition, we demonstrate the ability to perform odako growth on a full strand 
of the carbon fiber mesh material, as shown in the photograph presented in Fig. 9-8. On 
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the right-hand side of the image is a strand of the carbon fiber weave, taken from the 
mesh material on which catalyst was deposited (see supporting info), prior to growth. On 
the left-hand side of the image is a similar strand of carbon fiber material, except 
following growth at 750°C at elevated pressures. The notably black regions on the strand 
on which growth took place correspond to areas where odako growth, similar to that 
shown in Fig. 9-7, is achieved. It should be noted that the stripes where no growth occurs 
in Fig. 9-8 is due to the weaved nature of the material on which catalyst deposition took 
place (i.e. no catalyst is deposited under weaved sections). The ability to achieve odako 
growth over the whole strand (where catalyst resides) emphasizes the large-scale nature 
of this growth process, similar to the vertical array growth obtained by water-assisted 
supergrowth. 
Finally, in closing, it should be noted that this process may not be limited to only 
carbon surfaces, but other novel growth substrates may also be candidates on which 
odako growth can occur. For example, a similar process may be achievable on quartz 
fibers, where a SiC and C layer is grown as an overlayer on the fiber, allowing the odako 
growth process to result in a strong SWNT interface with the fiber that is sought for 
mechanical reinforcement applications. The same argument can be applied to a variety of 
metallic surfaces, where electrical contact between a conducting surface and the SWNT 
layer is crucial in applications such as electrolytic capacitor devices. 
9.5 Conclusions 
In summary, we present a novel technique, termed odako growth, yielding 
synthesis of dense, aligned arrays of single-walled carbon nanotubes having a preserved 
SWNT/carbon surface interface, and a catalyst and oxide support always exposed to the 
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reaction gas flow. We demonstrate this growth process on grafoil and carbon fiber 
surfaces, and emphasize the potential for this growth process on a variety of additional 
surfaces. 
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Chapter 10: Rapid Reduction of Densely Packed Catalyst 
Layers With Hydrazine to Support Vertically Aligned Carbon 
Nanotube Growth 
10.1 Introduction 
The synthesis of a variety of nanostructured materials possessing unique and 
exciting physical properties has been the foundation for the development of new and 
important applications based upon nanotechnology. Of the many such nanostructures 
,y>A iyyj 998 
that fit into this category, nanorods and nanowires composed of Si " and ZnO, as 
99Q "J(\ 'W 7S 78 SR RO 9^0 
well as nanotubes composed of BN and C ' ' ' ' ' ' have emerged as premier 
candidates for the future of developing applications. Despite the fact that each of these 
nanostructures is unique in the properties that make it attractive for such applications, all 
of these structures can be synthesized in a universal process that utilizes vapor transport 
at elevated temperatures with metallic catalytic nanoparticles. In many cases, where the 
catalyst forms a stable metal-oxide when exposed to ambient conditions, the first stage of 
this process involves the reduction or preparation of a metal-oxide catalyst into a 
catalytically active metallic state. This is a highly crucial step in any process where 
selectivity in the catalyst particle size is sought (particularly for single-walled carbon 
nanotubes) since dynamic behavior of metal atoms on a supporting surface can limit 
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control of the resulting particle size distribution.^'1Z/'ZJ1'ZJZ This is a substantial issue 
that is particularly relevant for the nucleation and growth of dense arrays of single-walled 
carbon nanotubes, where the typical metal catalyst particle is less than 5 nm in diameter, 
with inter-particle spacing of less than 10 nm on the solid oxide supporting surface.30 As 
a result, the route toward selectivity in any high-density surface supported growth process 
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will require the ability to reduce the catalyst without initiating any coarsening of the 
catalyst particles prior to growth. This is a difficult task, since most techniques which 
utilize a vapor transport growth process require a high pressure background level of H2 at 
elevated temperatures (> 700°C) prior to the introduction of the reactive feedstock 
species in order to achieve a metallic catalyst state.1 Recent work by Nessim et al.232 has 
shown that varying the time of reduction in the pretreatment of AI2O3 supported Fe 
catalyst allows one to tailor the catalyst particle size distribution (and hence, nanotube 
diameter) in vertically aligned carbon nanotube array growth based upon catalyst 
coarsening. Although this technique can be used as a tool for selectivity of carbon 
nanotube growth by diameter and number of walls, it also highlights the sensitivity of the 
catalyst to the reduction conditions utilized in most similar chemical vapor deposition 
techniques. 
Therefore, the route toward selectivity and controllability in catalysis is to utilize 
a reduction step which can be efficiently applied to a metal-oxide catalyst for as briefly as 
possible, and at the lowest temperature possible. In this spirit, the development of the hot 
filament technique in CVD carbon nanotube growth75' 89' 90 provides a simple route 
toward this goal as the use of a hot filament promotes the production of atomic hydrogen 
in the presence of H2. Since atomic hydrogen is a highly efficient reducing agent of 
metal-oxides, rapid catalyst activation is achieved while minimizing effects such as 
coarsening in the first stage of this process. However, despite this advantage, the primary 
drawback to using the hot filament is tied to the finite diffusion distance of atomic 
hydrogen once it is produced. This limits the surface area over which uniform reduction 
occurs in a hot filament CVD apparatus and leads to non-uniformity in the reduction of 
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large surfaces. Furthermore, the number of applications involving vertically aligned 
carbon nanotube arrays is rising at a remarkable rate- including supercapacitors,66 field 
emitters, filtration membranes, ' and even films drawn from arrays that can be used 
as loudspeakers.61 This rising number of applications emphasizes the concept that 
methods which can controllably promote selective and scalable growth are of utmost 
importance as the demand for processes to mass produce materials for these applications 
becomes greater. 
In this study, we demonstrate a technique for metal-oxide catalyst reduction that 
appears more efficient than any other vapor transport reduction technique, utilizing brief 
exposures of hydrazine gas to an iron-oxide catalyst layer. With exposures as short as 3 
seconds, and with only 10 mTorr partial pressure of hydrazine, reduction is attained and 
uniform growth can proceed from the catalytic layer. Compared to reduction with a hot 
filament, hydrazine vapor is more effective for reduction at lower temperatures, and is 
more scalable in its ability to form highly uniform arrays of carbon nanotubes with a 
height invariant relative to the position of the chip in the heated furnace. The results of 
this study emphasize a route toward scalable and selective growth processes for future 
CVD reactor systems- not only for carbon nanotube growth, but for any CVD growth 
process which requires or benefits from the use of a metallic catalytic particle. 
10.2 Experimental Details 
The hydrazine utilized for these experiments was purchased from Sigma Aldrich 
(Hydrazine, anhydrous, 98%) and loaded directly into the o-ring sealed flask with teflon 
fittings in a fume hood. Once loaded, the flask was attached to the reactor system 
upstream of the reaction chamber as simply illustrated in Fig. 10-1. A detailed photo 
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Figure 10-1. Simple schematic of the experimental setup utilized for N2H4 introduction 
to the reactor system. 
of the reactor system with a label indicating gas flow direction is also presented in the 
supporting information. To open the N2H4 flask, a knob is turned on the top of the flask 
which modifies the opening of an o-ring fitting. Exposure to the reaction gas flow is 
achieved by opening a two-way valve. This valve was specifically chosen to minimize 
dead space as it opens directly into a channel in which the reaction gases (H2, C2H2, H2O) 
are flowing. Therefore, precise exposures of N2H4 can be achieved yielding accuracy in 
measurements of growth from well-defined N2H4 exposure times and concentrations. In 
order to monitor the partial pressure of N2H4, a pressure gauge (100 Torr MKS Baratron) 
directly downstream of the reaction chamber was monitored while the valve was opened 
and the black knob on the N2H4 flask was slowly turned, further opening the o-ring seal 
and exposing N2H4 vapor to the reactor. The partial pressure of N2H4 is determined from 
the assumption of an ideal gas mixture (i.e. PTOT = PH2+H20+C2H2 + Pmm) by the 
measurement of the total pressure difference before and after the N2H4 flask is opened 
and allowed to reach equilibrium. After a desired pressure was achieved (reaction gases 
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+ N2H4), mass spectrometry conducted further downstream was utilized to confirm the 
presence of N2H4, and to support that the partial pressure had stabilized. For these 
experiments, mass spectrometry is utilized only for analysis of reaction gas mixture 
products and their relative abundance, since the mass spectrum is complicated by 
ionization cross sections and cracking patterns. Utilizing this process, the partial pressure 
of N2H4 was found to be controllable between 10 and 500 mTorr- a wide range amenable 
to the study conducted in this work. In order to control the exposure time of the N2H4, 
Lab View software was developed to control and operate a Fieldpoint relay to control a 12 
V DC signal to activate the valve. A properly vented scroll pump was utilized to 
maintain a constant vacuum during all processes of reduction, annealing, or growth. 
Further details of the experimental design for the reaction system beyond that described 
for N2H4 exposure, and the specific conditions utilized in the growth process are located 
elsewhere.143 Following growth, carpet height analysis was carried out with an FEI 
Quanta 400 environmental scanning electron microscope, and catalyst layer imaging after 
exposure to annealing conditions was performed with an FEI field emission transmission 
electron microscope/scanning transmission electron microscope (S/TEM) (80-300 Titan). 
10.3 Hydrazine Reduction: A Catalyst Study 
The use of hydrazine reduction in this study is developed as a means to scale-up a 
low pressure vapor transport system for growing single-walled carbon nanotube (SWNT) 
arrays, as an alternative to the use of high pressure hydrogen reduction, or low pressure 
atomic hydrogen reduction. Hydrazine reduction of metal-oxide catalyst is achieved 
through a simple apparatus design that is illustrated in a cartoon in Fig. 10-1, and 
discussed in further detail in the methods and supporting information. The principle of 
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utilizing this design is based upon the introduction of a well-known and controllable 
amount of hydrazine into a vapor transport reactor based on the equilibrium vapor 
pressure of hydrazine under vacuum. To achieve this, an evacuated flask containing 
hydrazine is connected through a 2-way solenoid valve that, when opened, allows 
hydrazine vapor to mix with the other reaction gases (C2H2, H2, H2O). The partial 
pressure of hydrazine in the vicinity of the metal-oxide catalyst can be carefully 
controlled by an o-ring fitting that modifies the opening of the hydrazine flask to the 2-
way valve. To achieve a low equilibrium pressure of hydrazine, the o-ring fitting can be 
only slightly opened, whereas the greatest hydrazine partial pressure can be achieved 
(~0.5 Torr) when the fitting on the hydrazine-containing flask is completely open to the 
2-way valve. An alternative technique to controllably introduce hydrazine is to utilize a 
temperature controlled bath and follow the temperature dependence of the equilibrium 
vapor pressure of hydrazine to maintain a controllable N2H4 partial pressure. 
Nonetheless, for the experiments reported in this study, the process of modifying the 
opening of the o-ring fitting on the hydrazine flask is sufficient, allowing us to achieve 
hydrazine partial pressures between 10 mTorr to 500 mTorr. 
In order to assess the effect of hydrazine reduction, we first focus on the lowest 
N2H4 partial pressures achievable during catalyst reduction and the effect of this on the 
growth of dense arrays of SWNTs. In a thermal CVD reactor operating at low pressures 
utilizing only H2 (no atomic hydrogen or N2H4) as the reducing agent, the reduction and 
growth is poor. This is evidenced through a scanning electron microscope (SEM) image 
shown in Fig. 10-2(a). Not only does growth occur non-uniformly over the whole chip 
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Figure 10-2. Side-view SEM images of SWNT forests grown with (a) only H2 (1.4 Torr) 
for reduction, and (b) an additional 10 mTorr of N2H4 for 10 seconds of reduction upon 
rapid sample insertion into the furnace, at 750°C in identical conditions. 
(preferentially on edges), but the resulting growth looks much more "forest-like" as 
opposed to being composed of dense, aligned SWNT arrays. In order to combat this, 
most efforts to achieve uniform, high density growth of SWNT arrays utilize an 
atmospheric process which results in rapid H2 reduction of a metal-oxide catalyst. The 
setback to such a system is the extreme difficulty in achieving reproducible growth 
conditions in addition to the sensitive nature of atmospheric water-assisted SWNT forest 
growth. This has led to the development of hot filament reduction producing atomic 
hydrogen for aligned SWNT growth, which is a common technique utilized in CVD 
diamond growth. However, this also has limits, since the reduction process crucially 
depends on the distance of the catalyst surface from the hot filament. On the other hand, 
utilizing a reduction technique such as hydrazine is not spatially limited and can be just 
as easily applied to a large-area growth surface as a small research-scale substrate. 
Furthermore, N2H4 is a highly aggressive reducing agent- leading to uniform catalyst 
reduction at low N2H4 partial pressure following a brief exposure at high temperature 
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(600-750°C). Fig. 10-2(b) shows an SEM image of a SWNT array grown following a 10 
second reduction at 750°C with only 10 mTorr partial pressure of N2H4 (0.7% of the total 
reaction mixture). Not only does the growth proceed in a remarkably uniform fashion 
over the growth substrate, but the height, alignment, density, and appearance of the 
SWNT array is comparable to an array grown with a 30 second exposure to atomic 
hydrogen. 
In order to investigate the potential of N2H4 as a reducing agent, the N2H4 partial 
pressure and exposure were varied in order to study the effect this has on the resulting 
SWNT array growth. Since the reduction and growth occurs in a closed system, we 
utilize the height measurement of the vertically aligned SWNT array (or carpet) in order 
to monitor the effectiveness of the reduction process. Significant work has been 
performed to establish that a catalyst particle will not be catalytically active until it is 
fully reduced into a metallic state. Therefore, the measurement of the carpet height is a 
test of the effectiveness of the reduction process. Furthermore, the growth that occurs 
when no reducing agent is introduced into the reactor is non-uniform, occurring mostly or 
only at the edges of the growth substrate and less than 10 um tall even where growth does 
occur. From Fig. 10-2(a), it is clear that the array that is grown is also less aligned due 
to having a substantially lower density. It is conceivable that within the 15 minute 
exposure to high temperature conditions in the presence of 1.4 Torr H2, some of the most 
easily reduced catalyst will be activated and begin to grow nanotubes. However, this 
establishes a lower-limit for comparison of carpet height between growth from a catalyst 
layer that has not been reduced versus a catalyst layer that has been fully reduced. Figure 
10-3 (a) shows the dependence of the carpet height on the exposure to 10 mTorr N2H4 at 
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Figure 3. (a) Measured carpet height (average) as a function of total reduction time 
utilizing 10 mTorr N2H4 at two temperatures of 600°C and 750°C. (b) Measured carpet 
height as a function of N2H4 partial pressure for a 5 second exposure of N2H4 at 750°C. 
(c)-(d) Raman spectra from 633 and 785 nm excitations of (c) a SWNT array grown 
following a 30 second exposure to 10 mTorr N2H4 at 750°C, and (d) a SWNT array 
grown following a 30 second exposure to atomic hydrogen at 750°C. 
two different reduction/growth temperatures, with all growths carried out for a total of 15 
minutes. From the applied fit, it is apparent that the carpet height as a function of N2H4 
reduction time obeys a simple exponential decay function of the form: 
H(f) = Hm(l-exp(rt/T)) (3) 
where t is the N2H4 exposure time and x represents a characteristic time for activation of a 
metal-oxide particle to a catalytically active metal particle. The finite values of carpet 
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height in Fig. 10-3(a) at t = 0 seconds represent the average measurable carpet height 
only over the spots on the substrate where growth is observed, and not the height of a 
uniform carpet that is observed with t > 0 seconds. Therefore, for practical fitting 
reasons, the fits are extrapolated to zero height (i.e. H(0) = 0 urn) without N2H4 exposure. 
The measured characteristic activation time constants from the applied fits are x = 4.44 ± 
0.3 seconds (750°C) and x = 4.61 ± 0.1 seconds (600°C). This suggests that the 
hydrazine exposure at 750°C more rapidly reduces the catalyst, even though the time 
constant associated with reduction at lower temperatures (600°C) is not significantly 
different. As a result, as little as 10 mTorr of hydrazine is effective at reducing a thin 
catalyst layer over the range of temperatures one can utilize for carbon nanotube growth. 
It is also apparent from Fig. 10-3 (a) that the maximum height (with full catalyst 
reduction) is different for growth at temperatures of 600°C and 750°C. This was also 
observed in temperature dependent studies of aligned carbon nanotube growth using 
similar conditions, but atomic hydrogen exposure for catalyst reduction.143 This is 
attributed to slower kinetics during the addition of carbon to a growing nanotube at low 
temperatures, as this results in the formation of many nanotubes having additional walls 
and an overall slower rate of growth.17 Nonetheless, the reduction process appears 
efficient at low temperatures, and is a subject that will be revisited at a later point in this 
manuscript. 
In addition to varying the N2H4 exposure time, we also investigated the 
dependence of the carpet height on the N2H4 partial pressure for a brief exposure (5 
seconds) that is ineffective for full catalyst reduction as evidenced by Fig. 10-3(a). The 
partial pressure was adjusted as described previously-by modifying the opening of the 
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vacuum seal on the hydrazine flask until the total system pressure stabilized. Mass 
spectrometry performed in-situ downstream of the reaction was utilized as a means to 
identify the presence of N2H4 and whether the N2H4 partial pressure was stable. The 
pressure dependence of the carpet height on a brief N2H4 exposure is shown in Fig. 10-
3(b). Again, the data appears to follow a curve describing exponential decay, with full 
carpet growth (~55 urn) observed after only 5 seconds of 0.2 Torr partial pressure N2H4 
exposed to the catalyst at 750°C. It should be noted that the N2H4 partial pressure is 
stabilized before rapid insertion of the catalyst and support into the hot reactor. This 
means that the catalyst is being reduced during substrate heating, depending on how 
rapidly the substrate absorbs the infrared radiation emitted by the tube furnace. The 
concept of low-temperature reduction will be presented at a later point; however, it is a 
substantial improvement to a vapor transport growth process to have the ability to reduce 
the catalyst quickly upon insertion into the reactor, minimizing any ripening effects or 
other dynamic processes which may inhibit selective or controllable growth. 
Although monitoring the carpet height is a good diagnostic, it is important to 
establish that two different processes believed to only reduce the catalyst are not leading 
to a substantially different make-up of SWNTs in the carpets. In order to characterize 
and compare carpets grown via atomic hydrogen reduction to carpets grown via 
hydrazine reduction, Raman spectroscopy is performed on an exposed side of the carpet, 
as shown in Figs. 10-3(c) and 10-3(d). Raman spectroscopy is incredibly useful in its 
ability to characterize the "quality" of the graphitization of the nanotubes (D and G peak 
ratio) as well as a crude insight into nanotube diameters present in the sample. Analysis 
of Figs. 10-3(c) and 10-3(d) indicate G/D ratios of 26.3 (633 nm) and 15.1 (785 nm) for 
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SWNT grown from atomic hydrogen reduced catalyst, whereas ratios for nanotubes 
grown via hydrazine reduced catalyst are 23.0 (633 nm) and 14.3 (785 nm). In other 
words, the quality measured by Raman spectroscopy is very similar between the growths 
where different reduction techniques are utilized. In addition to the D and G peaks, the 
lower frequency radial breathing modes (RBM) are diameter dependent, and allow one to 
make a crude judgment regarding the range of SWNT diameters present in the carpets. 
As is clear from Fig. 10-3(c) and (d), the general range of SWNT diameters, including 
specific breathing modes, is nearly identical in the two cases. One striking feature of the 
breathing modes is the substantial number of modes present near the cutoff filter for the 
lower excitation energy spectra. This indicates the presence of many larger-diameter 
SWNTs (1.5-2.5 nm), which is a feature unique to this water-assisted growth process. In 
any case, these results emphasize that the general make-up of nanotubes in terms of 
quality and the presence of RBMs is generally independent of the reduction process itself. 
As a result, this allows us to bypass the detailed SWNT characterization (provided 
elsewhere79'143) and focus on the specific aspects of hydrazine reduction relevant to this 
study. 
The Raman results in Figs. 10-3(c) and 10-3(d) as well as the general similarities 
in the carpets between reduction with N2H4 and atomic hydrogen raise a fundamental 
question regarding the initial state of the catalyst layer supporting growth. It is widely 
believed that the deposited metal catalyst layer forms a reasonably smooth, uniform layer 
on the catalyst support (AI2O3).16 Upon reduction, this layer is believed to break into 
numerous small nucleation sites that will eventually yield SWNT growth, with particle 
sizes determined by factors such as the make-up of the incoming feedstock gases, and the 
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Figure 10-4. Plan-view TEM images of 0.5 nm thick Fe catalyst layers deposited onto an 
alumina supporting layer and exposed to different reduction conditions, (a) An as-
deposited layer of Fe catalyst, showing the formation of particles during the deposition 
process, (b) A catalyst layer exposed to 1.4 Torr H2 as the reduction condition for 30 
seconds at 750°C, (c) A catalyst layer exposed to atomic hydrogen for 30 seconds, 
produced in 1.4 Torr H2 with a hot filament, at 750°C, and (d) a catalyst layer exposed to 
10 mTorr N2H4 for 30 seconds at 750°C, in addition to a background of 1.4 Torr H2. 
Scale bars in all images are 20 nm, and all panels have inset histograms depicting size 
distributions of particles from N = 300 total particles. 
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rate at which reduction occurs. In order to understand the response of the catalyst layer 
to the different reduction conditions considered, we performed transmission electron 
microscope (TEM) imaging of the catalyst layers under the different reduction 
conditions. Images of the catalyst layer under the reduction conditions utilized in this 
work are shown in Fig. 10-4, with accompanying inset histograms depicting metal-oxide 
particle size distributions. In order to prepare the samples for imaging, the catalyst 
coated substrate is hand-polished from the back side until it is ~ 10 urn in thickness. 
Following this, the chip is further ion milled at a low angle from the back side until it is 
perforated, thereby forming a small hole around which plan-view TEM imaging occurs. 
The conditions relevant to this study include four specific cases, shown in Fig. 10-4: (i) 
an as-deposited layer of Fe, (ii) a catalyst layer reduced with H2, (iii) a catalyst layer 
reduced with atomic hydrogen, and (iv) a catalyst layer reduced with N2H4. All other 
conditions in (ii)-(iv) were identical, including a 30 second exposure to a reduction 
environment at a temperature of 750°C. The catalyst layers for all experiments were e-
beam deposited at the same time, meaning that any sample variation due to slight 
differences in the evaporation process is bypassed, allowing us to only focus on effects 
occurring due to the exposure of the catalyst layer to the reduction environment. 
Upon inspection of Fig. 10-4, a striking aspect of the catalyst layer is the 
appearance of Fe particle formation on the AI2O3 support in the as-deposited layer (Fig. 
10-4, part (a) ). Histograms indicate that typical metal-oxide particle sizes correlate 
reasonably to the SWNT population observed in the growth process, assuming the metal-
oxide particle is reduced prior to growth. This provides crucial insight into the growth 
process by emphasizing that the primary role of the reduction environment is not to 
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regulate the formation of the particle size distribution from a uniformly coated metal 
layer. This means that the particle formation, to first order, occurs during deposition. 
This is an important point to make, and is likely the reason why the "super-growth" 
process is highly sensitive to the thickness of the catalyst layer. ' In all images shown 
in Fig. 10-4, the metal particles are converted back into Fe2C>3 during the substantial air 
exposure that occurs between reduction and TEM imaging experiments. Therefore, the 
actual catalyst particle size relevant to SWNT growth is likely ~ 30-40% smaller than the 
sizes shown in Fig. 10-4 and depicted through inset histograms. By comparison of Fig. 
10-4(a) to (b), it is evident that exposure of the catalyst layer to a reduction environment 
consisting only of H2 as the reducing agent results in particle coarsening, even after only 
30 seconds. This coarsening effect likely occurs due to Ostwald ripening at temperatures 
which support high atomistic mobility.30 However, when atomic hydrogen is utilized 
(Fig. 10-4(c)) as the reduction agent, particles apparently form with sizes that are on 
average slightly larger than those in the as-deposited layer, but appearing compact in 
nature. Looking closely, there is a wide distribution of particle sizes that would represent 
a distribution of large-diameter nanotubes consistent with what has been characterized 
previously assuming the particles were shrunk to fit their metallic (not metal-oxide) size. 
The draw-back to this reduction process is the dependence of the atomic hydrogen 
exposure on the distance of the sample from the hot filament. In order to investigate this 
effect, additional TEM imaging performed emphasizes significantly different catalyst 
particle size distribution at an opposite end of the chip. This emphasizes the drawback to 
utilizing the hot filament as a scalable technique, and further bolsters the need for a 
scalable, uniform process such as hydrazine reduction. Based upon size measurements of 
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Figure 10-5. (a) Measured carpet height (average) as a function of 0.5 Torr partial 
pressure N2H4 exposure at 750°C. (b) Plan-view TEM image of the catalyst layer 
following a 30 second exposure to 0.5 Torr N2H4. 
300 particles from each reduction condition corresponding to the inset histograms, the 
average particle sizes measured are (a) 4.9 nm (as-deposited), (b) 6.6 nm (H2 reduced), 
(c) 5.0 nm (H reduced), and (d) 3.9 nm (N2H4 reduced). Although the average particle 
size is slightly smaller when utilizing N2H4 reduction, the emergence of a significant 
number of particles having diameters larger than the range of as-deposited particles (i.e. 
with d > 6-7 nm) is not apparent, suggesting that this reduction process best preserves the 
initial particle size distribution for growth. This emphasizes a point that is already well-
accepted in the literature: the catalyst pre-reduction step is fundamental to maintaining a 
given catalyst particle size.127' 143' 231' 232 This makes any effort to achieve selective 
SWNT growth sensitive not only to the initial size distribution of the particles, but also to 
the reduction conditions utilized before SWNT nucleation takes place. In Fig. 10-4, it is 
clear that rapid reduction with N2H4 results in a particle size distribution most closely 
correlated to the starting particle size distribution, and histograms depicting particle size 
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distributions for the other two reduction techniques indicate a significant emergence of 
coarsened particles having diameters larger than the as-deposited catalyst layer. 
Therefore, not only is the catalyst size distribution sensitive to reduction conditions, but 
the rapid catalyst reduction obtained from N2H4 vapor exposure is best-geared toward 
selective growth processes. 
Although N2H4 reduction, particularly with low N2H4 partial pressures, appears to 
be highly beneficial for catalyst reduction, we find that too much N2H4 exposure for 
extended periods of time is not beneficial. In Fig. 10-5(a), a plot of carpet height as a 
function of reduction time with 0.5 Torr partial pressure N2H4 (~ 50 times more N2H4 
than utilized previously) emphasizes the sensitivity of growth to extended exposure 
involving too much N2H4. Full reduction appears to take place quickly upon rapid 
insertion of the sample into the furnace (< 3 seconds), as evidenced by the maximum 
carpet height achieved in the briefest possible exposure time. However, as the exposure 
time is increased (even at 5 seconds), the resulting height of the carpet consistently 
decreases. To better understand this effect, we imaged the catalyst layer following 
exposure to 30 seconds N2H4 (0.5 Torr partial pressure) at 750°C, shown in Fig. 5(b). 
Compared to images presented in Fig. 10-4, one can clearly observe the emergence of 
large particles (~ 15-20 nm), and the overall "shrinking" of the smaller particles. 
Although this does not explain the fall-off in growth with greater N2H4 exposure, it is 
analogous to the rapid ripening effect observed without the presence of H2O during 
growth, as H2O is expected to hydroxylate the surface and reduce the rate of catalyst 
ripening.30'143 One possible explanation for this effect is that N2H4 is known to attack 
surface hydroxyl radicals, which would result in catalyst ripening behavior in the early 
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stages of nucleation analogous to the case when no water was utilized during the growth 
process. In such a case, the terminal carpet height achieved is ~ 10 urn in these growth 
conditions, similar to that presented in Fig. 10-5(b) for a 30 second exposure to 0.5 Torr 
N2H4. 
10.4 Low Temperature Reduction: Hydrazine vs. Atomic Hydrogen 
Finally, in the framework of maintaining the most controllable and selective 
growth conditions, we performed experiments where reduction and growth occur 
separately, and at different temperatures. The principle of this is based upon the fact that 
dynamic catalyst behavior will be impeded at low temperatures, yielding a preserved 
catalyst layer which will uniformly nucleate SWNTs upon rapid insertion into a pre-
heated furnace. We now revisit data from Fig. 10-3(a), which emphasizes that the 
characteristic activation time constant describing the catalyst reduction process does not 
appear to have a substantial temperature dependence over the range of temperatures in 
which SWNT growth is typically achieved. Therefore, this emphasizes the possibility 
that low-temperature reduction is another potential advantage in utilizing a N2H4 vapor 
transport reduction process. The results of this experiment are presented in Fig. 10-6(a), 
utilizing 0.25 Torr N2H4 partial pressure in experiments performed at a reduction 
temperature lower than that of the growth temperature. In order to compare the 
effectiveness of the reduction process at low temperatures, an identical experiment is also 
carried out using hot filament (atomic hydrogen) reduction. For the case of N2H4 
reduction, the chip is rapidly inserted into the furnace under flow of H2 and H2O for 10 
seconds, after which the N2H4 valve is opened and 20 seconds of N2H4 exposure at that 
temperature occurs before the sample is removed and the N2H4 is turned off. For the case 
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Figure 6. (a) Carpet height (average) dependence of a low-temperature pre-reduction 
prior to growth. For the case of N2H4 reduction, the pre-reduction involves 10 seconds of 
heating, followed by 20 seconds of 0.25 Torr N2H4 vapor exposure. For the case of 
atomic hydrogen reduction, the pre-reduction involves 30 seconds of atomic hydrogen 
exposure at a set pre-reduction temperature. Between pre-reduction and growth, the 
sample is moved into vacuum and the carbon feedstock is turned on. (b) Plan-view TEM 
image of catalyst following N2H4 reduction at 400°C under conditions described in part 
(a), with inset histogram depicting particle size distributions from N= 300 total particles. 
of atomic hydrogen reduction, the hot filament is energized and the chip is placed inside 
the heated furnace for a total of 30 seconds, after which the chip is removed and the hot 
filament turned off. Following removal from the low-temperature reduction 
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environment, the sample is immediately moved into an isolated vacuum until the furnace 
heats to the growth temperature. Immediately apparent from Fig. 10-6(a) is the ability to 
reduce the catalyst layer at low temperatures (< 400°C) with N2H4, yielding a carpet that 
grows to the full length expected for the growth conditions utilized. However, comparing 
this result with that obtained from hot filament reduction emphasizes a difference of over 
200°C in the lowest pre-reduction temperature that is effective in the growth of a full-
length SWNT carpet. It should be noted that "NU" on the bottom of the vertical axis in 
Fig. 10-6 represents the non-uniform growth that typically is representative of the growth 
observed when no reduction technique is utilized (either atomic hydrogen or N2H4). 
Another interesting feature associated with Fig. 10-6(a) is the observation that the hot 
filament reduction process is only effective in the temperature range in which efficient 
growth is observed (> 20 um), whereas the hydrazine reduction process is efficient at 
over 200°C lower in temperature. In order to better understand low-temperature catalyst 
reduction with N2H4, we performed further imaging on a catalyst layer exposed to a 25 
second treatment (identical to that in Fig. 10-6(a)) upon rapid insertion to a furnace 
heated to 400°C. The resulting catalyst layer is shown in Fig. 10-6(b), with an 
accompanying inset histogram. First of all, it is evident when comparing Fig. 10-6(b) to 
Fig. 10-4(a) that the catalyst layer treated at 400°C involves a slightly different 
distribution of catalyst particle sizes that are smaller than the particles formed during 
catalyst deposition. Furthermore, there is no indication of ripening phenomena occurring 
during this reduction process, which is typically evidenced by the emergence of large 
particles and a distribution of shrinking smaller particles. In this case, the average 
particle size is 3.2 nm with a relatively narrow distribution (only a few metal-oxide 
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particles observed with d > 5 nm). In addition, similar catalyst imaging experiments were 
performed on a catalyst layer exposed to three times longer N2H4 exposure at room 
temperature, and absolutely no change between the as-deposited sample and the room 
temperature N2H4 treated sample is evident. This means that the low temperature 
reduction process results in catalyst mobility that is responsible for the rearrangement of 
the catalyst on the surface into smaller islands, even though the temperature is too low to 
promote the onset of Ostwald ripening. As a result, the ability to fully reduce the catalyst 
at a temperature significantly lower than typical SWNT growth temperatures allows an 
optimal level of control of the catalyst in the reduction stage, which is likely most 
important for high density SWNT array nucleation, particularly where any selectivity is 
desired. In addition, such rapid reduction of metal-oxide catalyst at low temperatures 
provides a route that strongly appeals toward the many research efforts to find new ways 
to grow SWNT at low temperatures- a concept that could strongly impact chirality 
selective SWNT growth techniques, as well as the cost and availability of large-scale 
industrially produced SWNT material. 
In closing, this work-describing an efficient technique for rapid reduction of 
metal-oxide particles via vapor transport processes, is not carbon nanotube-specific but 
also relevant to a growing effort to utilize metal particles for catalysis of a number of new 
and exciting nanostructured materials. Metal-oxide layers supporting high density 
SWNT growth are only one of the many relevant emerging systems and among one of the 
most sensitive to the reduction process as they are vulnerable to Ostwald ripening effects 
due to a close-packed arrangement of particles having high strain energies. Nonetheless, 
the scalable and incredibly efficient approach described in this study could benefit any 
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large-scale process where a metal-oxide particle of any size or density on a surface must 
be reduced in order to reveal its catalytic nature in the synthesis of a particular 
nanostructured object. This broadens the applicability of this method to numerous 
growth processes which focus on the synthesis of a wide variety of unique materials 
which each have significant potential for impacting important applications in the future. 
10.5 Conclusions 
We present here an efficient technique for rapid reduction of layers composed of 
metal-oxide catalytic particles utilizing hydrazine vapor. Our results indicate that the use 
of 10 mTorr N2H4 for less than 15 seconds is sufficient to reduce catalyst supporting the 
growth of vertically aligned SWNT, whereas greater N2H4 partial pressures result in 
reduction occurring in less than 3 seconds of N2H4 exposure. Compared to the use of the 
hot filament, N2H4 reduction occurs more quickly, best preserves the initial distribution 
of particle sizes, and can be scalable for large-area reduction unlike the hot filament. 
Based upon this work, hydrazine vapor reduction appears to be the most efficient and 
scalable technique for catalyst reduction for high density SWNT growth, and is likely to 
be applicable to other forms of surface-supported catalysis from metal particles as well. 
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Chapter 11: Transfer of Dense Ribbons and Films Composed 
of Ultra-Long Single-Walled Carbon Nanotubes to Arbitrary 
Surfaces 
11.1 Introduction 
Due to the attractive physical properties of carbon nanotubes, materials and 
applications involving carbon nanotubes have been sought since their discovery. 
Recently, the ability to grow both multi-walled63'236 and single-walled26'31,78'89 carbon 
nanotubes in aligned arrays perpendicular to a substrate from which they grow has 
brought new ideas toward highly scalable applications involving carbon nanotubes. One 
major advantage of vertically aligned arrays of carbon nanotubes (carpets) is that the 
carbon nanotube alignment is sustained during growth, leaving the arduous processing to 
achieve alignment by wet chemical methods unneeded. 
Recently, carpets have been receiving increased attention from the standpoint of 
applications. Ranging from self-cleaning "gecko" adhesives ' ' to foundation 
materials for the spinning of aligned fibers of MWNT, ' aligned nanotube arrays are 
promising for a large range of applications, spanning many disciplines and fields. Due to 
a homogenous nucleation density of nanotubes in carpets in addition to the inherent 
nanotube alignment that is present from growth, these materials surely have promise in 
the field of thin films. In the past, the ability to form thin, transparent films composed of 
carbon nanotubes has opened the door for a multitude of important applications involving 
single-walled carbon nanotubes. One of the most attractive of these is the use of carbon 
nanotube films as flexible, lightweight, low-cost alternatives for Indium Tin Oxide (ITO) 
coatings which are notorious for being fragile and expensive to produce. Currently, 
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ITO coatings are utilized in a wide range of applications, including touch-screens, flat 
panel displays, electronic ink in digital displays, anode terminals in organic light emitting 
diodes, among many others. This numerous applications described here emphasize the 
technological importance of producing highly scalable, cheap alternative materials 
composed of carbon nanotubes for these applications. 
In this spirit, recent pioneering work by Rinzler43 has established a method to 
make transparent SWNT films based on vacuum filtration of surfactant suspended 
SWNTs. Following filtration, the membrane can be dissolved away to leave a random 
network of SWNTs whose transparent properties can be varied based upon the thickness 
of the network. This work has paved the way for numerous follow up studies 
characterizing the stability and properties of these films, °"243 including most recent work 
where this method is utilized along with density gradient centrifugation in order to 
produce films with an enriched metallic SWNT content.244' 45 However, from an 
industrial perspective, this technique involves a multi-step liquid processing that 
combines (/) long periods of sonication to suspend SWNT in surfactant solution, (//) 
centrifugation to remove impurities from the suspension, (Hi) vacuum filtration to form 
the film followed by another liquid treatment to dissolve the filtration membrane, (fv) and 
vigorous washing to remove excess residual surfactant from the film. In addition, it has 
been observed that even a light exposure to air, among other liquids and solvents, can 
result in dramatic changes to the physical properties of SWNT films. At the current time, 
the roles of excess ionic surfactant and/or residual membrane species in the SWNT films 
have not yet been established. 
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Other recent pioneering work by Baughman has utilized the alignment in multi-
walled carbon nanotube arrays in order to produce sheets of aligned nanotubes that can be 
drawn directly from the side of the carpet. This process involves no liquid treatment to 
produce MWNT conducting films, even though it does heavily depend upon the internal 
structure of the carpet (i.e. alignment, density, bundle size, etc.). Due to the known 
structural differences between MWNT and SWNT forests, ' our experiments to date 
to make SWNT sheets in this way have been unsuccessful. More recently, Murakami and 
Maruyama249 have developed a method for removal of in-tact arrays of vertically aligned 
SWNT from the growth substrate by placing a cold carpet in hot water. They found that 
this method is effective at removing pieces of the initial carpet based on the 
thermocapillary effect. The drawback of this method is that the majority of those who 
grow carpets can not afford such a wet processing step, since water will penetrate into the 
array, leaving capillary forces during the drying process to form cellular or monolithic-
like structures in the carpet. " This not only disrupts the alignment of the nanotubes, 
but also affects their physical properties. 
Therefore, in this article we have developed a simple, scalable technique to form 
ribbons and ultra-thin films of aligned single-walled carbon nanotubes of various 
thicknesses directly from carpets. As we demonstrate, by manipulation of the catalyst-
film interface, we determine a mechanism by which film removal and transfer can take 
place with no liquid treatments or intermediate steps. We find that transfer to nearly any 
host surface is possible, and we observe that the transfer process preserves the majority of 
alignment that is present in the initial carpet. Combined with the highly controllable and 
simplistic nature of a chemical vapor deposition reactor for SWNT growth, we believe 
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this method could be a highly efficient route toward large-scale production of ribbons and 
aligned transparent films of SWNTs. 
11.2 Transfer of Thick and Thin Aligned SWNT Films 
Figure 11-1 shows the typical process that is employed for compression of the 
vertically aligned carbon nanotube arrays, as well as a film during subsequent stages of a 
wet transfer process that can be utilized as one route to etch the catalyst away and detach 
the SWNT film. In Fig. 11-1 (a), a diagram of the general rolling method of the carpet is 
illustrated. In this method, the roller undergoes rotation and translation as shown in Fig. 
ll-l(a). In our experiments, the compression takes place due to an applied downward 
force by the hands during the rolling process. For the case where the catalyst-film 
interaction mandates that the film remain anchored to the surface, a thin sheet of foil 
between the roller and the carpet keeps the nanotube arrays from sticking to the roller 
surface. It should be also noted that prior to the rolling process, the foil is sheared along 
the direction of rolling, in order to retain alignment in the film. This is found to be of 
greater importance in the longer carpets, where it is easier to smash the carpet instead of 
"laying over" the carpet as intended. When no post-growth catalyst treatment is utilized, 
the carbon nanotubes are well-anchored to the substrate resulting in absolutely no transfer 
to the foil regardless of the material utilized. This was performed with Cu, Al, Ta, and 
stainless steel foils, amidst polymer films such as polyethylene. The result from this 
method is a highly compressed film which retains alignment, as verified by scanning 
electron microscopy (SEM) and Raman spectroscopy. In order to have a good measure 
to the degree to which this process compresses the carpet, we studied a carpet grown at 
elevated pressure (25 Torr instead of 1.4 Torr), where the growth averaged 613.6 microns 
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Figure 11-1. General illustration of the roll-over process and one possible route toward 
detachment by catalyst etching with HC1. (a) cartoon of the rolling process to form films 
of aligned single-walled carbon nanotubes. The translational direction and rotational 
direction of the roller are each labeled with arrows (red and black, respectively). The 
film is compressed by a downward applied force during the rolling process. Before (b) 
and after (c) SEM images of rolled-over carpets. Inset in (c) is a photograph of the carpet 
where the film is peeled to image the thickness, (d) Image showing the result from 
rolling over a carpet, as the aluminum foil is detached from the carpet. Notice the lack of 
any transfer to the Al foil, (e)-(f) Wet chemical process for detaching films, including (e) 
detachment by catalyst etching in 1M HC1 solution, and (f) an image of a freestanding 
film after being soaked in H2O (being held by tweezers). 
tall in 30 minutes. After compression, the resulting film was partially peeled from the 
substrate in order to measure its thickness. SEM measurements indicate that the average 
thickness of the film is 30.3 microns, which is over a 20x compression from the initial 
carpet. SEM images of the before and after, as well as an inset of a photograph of the 
carpet, are shown in Figs. 1 l-l(b)-(c). The measured density of the carpet shown in Fig. 
11-1(b) is 20.6 mg/cm , which after a 20x compression is 416 mg/cm . 
Further shown in Fig. ll-l(d)-(f) are the processes for wet removal of the film. 
Later in this article, we will introduce a process for dry removal of the film, but we utilize 
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Figure 11-2. (a)-(b) 633 nm Polarized Raman spectra of the D and G bands from films 
formed by the process illustrated in Fig. 1. 0° corresponds to a configuration where the 
polarization direction of the laser light is parallel to the alignment in the carpet, while 90° 
corresponds to a configuration where the alignment is perpendicular to the direction of 
laser light polarization. The laser spot is focused on (a) the side of an as-grown carpet, 
and (b) the top of a rolled-over SWNT film, (c)-(d) SEM images of carbon nanotube 
alignment in (c) the side of an as-grown carpet, and (d) the top of a rolled carpet (same 
carpet as shown in (c)). Scale bar in the inset figure is 100 nm. 
the wet transfer process to emphasize that catalyst etching, i.e. breaking C-Fe bonds, 
results in film detachment from the surface. In this particular case (for Fig. 11-1), the 
carpet is grown by high temperature exposure to C2H2, H2O, and H2, followed by rapid 
cooling in this same gas flow environment. We find that this process results in a film 
with nanotubes that stay tightly bound to the growth substrate. In fact, the only way we 
find to remove such films is with adhesive tape after compression. Thus, by compression, 
201 
we form a dense film that is adherent to the catalyst that resides at the base of the 
nanotubes. In order to remove the film, we etch the catalyst with 1 M HC1 solution, 
which subsequently releases the freestanding film from the substrate in a matter of 
several seconds. Images of the compression and wet etch step are shown in Fig. 11-1 (d) 
and (e), and a demonstration of a freestanding film after removal from the growth 
substrate is shown in Fig. 11-1(f), where the film is shown supporting not only its own 
weight, but also the weight of water from which it was taken. 
After establishing the process by which films can be made, it is essential to 
understand whether the alignment in the film is retained after compression. One common 
way to characterize film alignment is through polarized Raman spectroscopy, which is 
shown in Fig. 11-2 for a carpet before and after compression. In Fig. 11-2(a), a 633 nm 
laser spot is focused on the side of the carpet, with the laser light polarization both 
parallel (0°) and perpendicular (90°) to the carbon nanotube alignment direction. Since 
the absorption of laser light by a SWNT should decrease as the angle between the laser 
light polarization and the nanotube axis approaches 90°,253'254 this is a good measure of 
the overall alignment of the carbon nanotubes in the array. As shown in Fig. 11 -2(a), the 
ratio between the intensity of the G-band in the parallel (0°) configuration is 
approximately 3.9x that of the perpendicular configuration, typical of a carpet. 
Following the shear/compression step, the ratio of the G-band at 0° and 90° is about 2, as 
shown in Fig. 11 -2(b), suggesting that some of the alignment is lost in the process of 
forming the film. It should be noted that the compression process in this work is 
performed by hand, and an industrially optimized process would fare significantly better 
in retaining the initial alignment of the carpet. 
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In addition to Raman spectroscopy, SEM images shown in figure ll-2(c)-(d) 
indicate that the alignment that is inherent in the carpet (Fig. 11-2(c)) is retained in a top 
view image of the film (Fig. 11-2(d)). In the film, the carpet is transferred onto a piece of 
carbon tape after the shear/compression technique, so the image shows the part of the 
array that initially is contacting the catalyst surface. Despite the observed loss of 
alignment, SEM images suggest that the nanotube bundles appear to be well-aligned after 
compression. We note that alignment measurements with Raman spectroscopy could be 
influenced by the top layer of the film, which is sheared by the foil. We tested this by 
cutting the film in the longitudinal direction and testing if the alignment measurement 
was any different. We observe the same ratio in polarized Raman, even though the 
cutting process shears the film as well, and may disrupt the observed aligned structure. In 
any case, this supports that carbon nanotube alignment is retained in the process of laying 
over the carpet to form thin films. 
In terms of scalability of the process of carpet and film removal, it is favorable in 
most cases to not utilize a wet chemical process, but to utilize a dry process that will 
detach the nanotubes from the catalyst surface so that the film can be transferred to a host 
substrate. This keeps the nanotubes in a pristine state with no further effect of capillary 
forces during drying or else residual HC1 or solvent/surfactant remaining in the film. We 
find that such a technique is possible by allowing the carpet to rapidly cool in the 
presence of the acetylene, turning off the acetylene, and then allowing the carpet to 
undergo a H2O/H2 etch at the growth temperature (775° C) for up to 5 minutes. By doing 
so, we find that the carpet can now be easily attached to nearly any arbitrary surface by 
nothing more than contact with a host surface. This ability to transfer to any arbitrary 
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Figure 11-3. (a) Images of SWNT films attached to stainless, Cu, and polyethylene host 
substrates by H2O etching after growth. The right-side panel shows the flexible and 
adherent nature of the films, (b) Percent transmittance at 550 nm as a function of growth 
time for films grown at three distinct temperatures. Two of the temperatures utilized 
(765 and 800° C) result in the growth of SWNTs, whereas growth at 625° C results in the 
growth of mostly double-walled carbon nanotubes. Inset in the figure is a picture of three 
films of different transparencies sitting on a Rice Logo. 
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surface is demonstrated in Fig. 11-3 by showing a picture of a typical carpet that has been 
transferred to copper and stainless steel foils, as well as a thin piece of polyethylene. We 
find that the films are very sticky and form strongly bound flexible layers on all the host 
surfaces attempted. It should be noted that nearly any clean surface can be utilized for 
transfer. We were even successful at transferring to polished quartz and sapphire 
surfaces, even though surface such as glass, with highly non-uniform surface roughness 
often resulted in partial film transfer. 
In addition, we took the next step to utilize one of the major strengths of a low 
pressure CVD reactor, which is the precise control over short pulses of growth gas after 
rapid catalyst reduction with atomic hydrogen. In order to achieve this, a three-way valve 
system was specially designed to route the incoming C2H2/H2 toward a mechanical pump 
or alternatively toward the furnace. Utilizing a capacitance monometer, we ensured that 
the inlet pressure to the furnace was identical to the pressure of gas when routed toward 
the vacuum pump. This gave us the ability to quickly deliver highly controllable, short 
pulses of carbon the catalyst surface in order to grow well-defined thicknesses of films. 
Combined with the transfer process described above after a high temperature H2O 
treatment, we find that it is a straight-forward process to transfer a transparent thin film of 
aligned SWNTs to a polyethylene host substrate. Utilizing UV-VIS-NIR transmittance 
measurements for the two films to determine film transparency, we have plotted the 
transparency at 550 nm as a function of growth time in Fig. 11-3(b). We did this for 
growths performed at three different temperatures. In order to produce high quality 
SWNT material, we grew at 765° C and 800° C, where we find that our samples are 
composed of purely SWNTs. However, by lowering the growth temperature to 625° C, 
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we are able to synthesize mostly double-walled carbon nanotubes (DWNT). The ability 
to vary the number of walls based on a constant CVD carbon flux and decreasing 
1 7 88 • 
temperature has been described by Puretzky and Wood. ' As is evident from Fig. 11-
3(b), the DWNT film is less transparent than both of the SWNT films for the same 
amount of deposited carbon. Based on our observations of growth rates in carpets, and 
our estimation of the degree in which the film is compressed by the rolling method, the 
average thickness of a film can be estimated (at 765 °C) to evolve at ~ 0.3 um/min, or 
approximately 5 nm/sec. However, more important in judging the quality of the behavior 
of the film is the amount of carbon present (since the film is not a fully dense structure), 
for which transmittance data taken at 550 nm gives a standardized comparison of this 
quantity for SWNT films. 
In addition to transparency, the DC electrical properties of these two films were 
tested after the growth took place. Typical sheet resistances along the alignment 
direction for as-grown films directly following growth (less than 1 hour air exposure) 
were ~ 20 kQ/sq and ~ 2.8 kQ/sq for a 60% and 20% transmitting film, respectively. 
After doping the films with vapors of HNO3 overnight, we find that the sheet resistances 
of these films drop to 1.5 kQ/sq and 0.13 kQ/sq, respectively. The sheet resistance 
values for the as-grown carpet films are consistent with previous values for undoped 
SWNT films, and the 20 fold decrease in sheet resistance upon doping is consistent with 
studies which have investigated the effect of doping on vacuum annealed SWNT films.2 ' 
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 We note that a highly detailed characterization of the electrical and magneto 
properties of these films will be published elsewhere, as this is a topic too extensive in 
nature to include in this contribution. 
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Figure 11-4. Scanning electron microscope (SEM) images of carpets after capillary 
force-induced drying occurs in a carpet that has not been subjected to a water vapor etch 
after growth, (a) and (b) are two different magnifications of the same region. 
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11.3 Mechanism for Film Transfer 
After demonstrating these two methods for film removal from carpets, both a wet 
process where the catalyst must be etched away to remove the carpet, and a dry process 
by which a water vapor etch must be utilized, we focused on understanding the 
mechanism by which the films can be removed from the substrate by only an H2O etch 
following growth. In order to study the effect of catalyst-film interaction, we grew two 
identical films (2 mins, 750° C), except one of them was treated with a H2O etch for 1 
minute following growth, and one was rapidly cooled and removed from the reactor. 
Following growth, a droplet of water was placed on the top of each carpet and allowed to 
dry. Scanning electron microscope images of the two carpets after drying are shown in 
Figs. 11-4 and 11-5. It is well known that drying of a liquid after wetting an aligned 
carbon nanotube array results in the "collapse" of the carpet into highly dense mesas or 
cellular structures due to capillary forces between adjacent nanotube bundles as the liquid 
evaporates. " With this in mind, the collapse of the carpet that was not etched with 
H2O following growth (Fig. 11-4) indicates the typical capillary force-induced drying 
effect that we are familiar with for our carpets. This is composed of small mesas of dense 
carbon nanotubes that have spider-web like features indicating that the collapse process 
occurs by "ripping" the nanotube bundles from the surface. The web-like features are 
indications of the strong surface interaction in the process of drying, emphasizing that the 
interaction between the catalyst and nanotubes is strong. However, this is not at all what 
is observed when a simple 1 minute H2O etch is performed following growth (Fig. 11-5). 
In this case, the collapse occurs on a larger scale, with large voids forming between the 
collapsed regions. This is a characteristic of a weakly surface-bound film, isolating the 
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Figure 11-5. SEM images of an identical "collapsed" carpet to that shown in Fig. 4, but 
with a water vapor etch following growth. Again, (a) and (b) are two different 
magnifications of the same region. 
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H2O vapor etch as being the process which is fundamentally responsible for our ability to 
transfer the films to any desired host substrate. 
After demonstrating the process by which transfer from the growth substrate can 
occur, we decided to investigate the mechanism behind the observed difference. Based 
upon X-ray Photoelectron Spectroscopy (XPS) data, shown in Fig. 11-6(a), a picture 
emerges for the mechanism of this process, which is illustrated in Fig. 11-6(b). In most 
CVD reactor systems, the catalyst coated chip is rapidly inserted in a hot furnace to grow, 
and then rapidly cooled by pulling it out of the furnace while the carbonaceous gas is still 
flowing. As the catalyst particle cools, it will form a Fe-C compound, which involves a 
surface segregated carbon shell surrounding the catalyst due to the difference in surface 
energy between Fe and C. At this point, the nanotubes in the arrays are fixed to the 
catalyst particle by C-C bonds to the C shell, which has mixed Fe-C bonds to the catalyst. 
The end result is an array of nanotubes that are anchored to the catalyst coated substrate, 
and can only be removed in a dry process by peeling with a sticky adhesive material, 
such as scotch tape or carbon tape, or else by a brute force method of etching away the 
catalyst with an acid (as we demonstrated earlier). This is why a compression step with a 
foil on a carpet that is directly pulled out of the CVD reactor will leave the in-tact film on 
the chip with absolutely no transfer of the film to the foil. We can then proceed to acid 
etch the Fe catalyst from the substrate, which will release the in-tact film, but will destroy 
the catalyst layer. However, in the case where the chip is: (i) pulled out of the furnace, 
(ii) the C2H2 flow is turned off, and (iii) the catalyst is exposed to a high temperature 
(775° C) treatment involving a mixture of H2O and H2, the carbon in the catalyst particle 
is precipitated out and etched away by the water while the catalyst particle is re-oxidized. 
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Figure 11-6. (a) Core-level X-ray photoelectron spectroscopy (XPS) results for Fe 
(Fe2P3/2) in three different (labeled) cases, corresponding to (i) an as-deposited (and 
oxidized) Fe/Al203 reference, (ii) a catalyst layer, after growth and rapid cooling in C2H2, 
followed by carpet removal prior to measurements, and (///) a catalyst layer where a 60 
second water etch is performed after rapid cool-down in C2H2. Dotted lines mark peaks at 
711.0 eV and 707.8 eV. (b) Diagram depicting the possible paths toward carpet removal, 
both with an H20 etch after carpet growth (top panel), and an HC1 catalyst etch after 
rapid cooling in C2H2 and air exposure. 
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Mechanical stresses in the film are expected to aid in the "pop-off mechanism of the 
nanotube from the catalyst, and the SWNT film can now be easily removed by contact 
with another surface. This picture is verified in XPS data, shown in Fig. 11-6(a), that 
shows three core-level Fe spectra lines. One is a reference Fe/AlaCVSi chip that has a 
typical 0.5 nm Fe coating on a 10 nm AI2O3 support layer. The other two cases are after 
growth and removal of the SWNT array. In one case, the carpet was exposed to a H2O 
etch after growth and cooling in C2H2 flow, and in the other case, the carpet was cooled 
in a C2H2 flow with no etch step. In each of the latter two cases, the carpets were grown, 
removed, and placed in the XPS system with limited air exposure (less than 2-3 minutes). 
XPS results are presented in Fig. 11-6(a) with binding energy values relative to the core 
level adventitious carbon peak, located at 285.0 eV. One can clearly observe that the 
Fe2P3/2 core-level peak positions for the case of Fe with no growth, as well as the Fe after 
growth, H2O etch, and carpet removal are in the same vicinity of highly oxidized Fe 
(Fe203) with core-level peaks fit to Gaussians with centers near 711.0 eV. However, the 
Fe2P3/2 spectra from the carpet that is grown and cooled in C2H2 before removal, a 
spectrum we have seen numerous times in similar experiments emerges, with a core-level 
binding energy peak fit to 707.8 eV. This is too high for metallic Fe, and best 
corresponds to the formation of a Fe-C compound, as the binding energy for Fe3C is at 
708.1 eV, and there are many possible Fe-C states. This supports the picture that is 
illustrated in Fig. 11-6(b) showing the different states of the catalyst in the two cases of 
film removal presented here. 
11.4 Thin Films of Ultra-Long SWNT 
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Finally, it is in our interest to retain full carpet alignment after the lay-over 
process, as well as retain the ultralong nanotubes that can be achieved through carpet 
growth, in an effort to make a thin film. This motivates us to consider carpets which are 
grown after utilizing optical lithography to form narrow 1 or 2 micron lines of Fe/Ai203, 
that are separated by a pitch of 50 microns. As shown in Fig. 11-7, SEM images suggest 
that such lines (2 microns thick) can be grown to be self-supporting to heights near 70 
microns. This is done by placing the direction of the lines perpendicular to the gas flow 
in the CVD apparatus. Since the height of the lines are greater than the spacing between 
each subsequent line, the lay-over process described in Fig. 11-1 can be applied in a 
straight-forward way. This methodology allows the resulting film to retain the full 
alignment of the initial carpet, be thin enough to appeal to transparent film technology, 
and still have nanotubes that are ultra-long (50 or more microns). Fig. 11-7(b) shows 
the lines in Fig. 11 -7(a) after the lay over step (looking from top-down instead of a side-
view). One can notice that there are overlap regions that can be clearly observed 
corresponding to the fact that the lines are 20 microns longer than the spacing between 
the lines. Also inset in Fig. 11-7(b) is a close-up view of the overlapping region of the 
two lines- showing that one line is sitting on the other, and the nanotubes are highly 
aligned in both cases. Polarized Raman spectra (not shown) for the before and after lines 
indicate that 90.5% of the alignment is retained in this process, with about 5% uncertainty 
from the process of manually focusing the laser spot in achieving the G-band intensity. 
In addition, we find that the transfer process is just as straight-forward as that previously 
described, and that highly transparent films of ultra-long carbon nanotubes can be 
achieved in this way. In fact, we have achieved full transfer of arrays of lines to the 
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Figure 11-7. (a) SEM images looking down 2 micron thick lines composed of vertically 
aligned SWNTs separated by spaces of 50 microns. The lines were grown in such a way 
as to support upright, vertical growth (see supporting info). Inset in (a) is a high 
magnification image of the edge of a single line, showing the aligned nanotube bundles 
inside, (b) SEM image of the top of a chip after the 2 micron lines shown in (a) are rolled 
over by the process shown in Fig. 1. Note there are two contrast regions: a thicker 
overlap region where the lines extend onto each other (illustrated in lower left inset), and 
a region between the overlap regions where there is only a compressed 2 micron line. 
The vertical lines in the images are artifacts of the rolling process. 
following materials: KBr, NaCl, quartz (z-cut), sapphire, Si02, MgO, Kapton, 
polyethylene, and glass. Therefore, this is a powerful method to achieve highly aligned, 
homogenous films composed of ultra-long SWNTs that are transparent and can be easily 
transferred to a host substrate of choice. This is important, as the future of sensor and 
device technology based on aligned SWNTs will require one to not be constrained to a 
material that is conducive to SWNT growth. 
11.5 Concluding Remarks 
Finally, in the future we envision that aligned SWNTs will be grown in a 
continuous method, with carpets supported on meters of cheap metal foil substrates. In 
the transfer method presented here, the limitation of how much we can coat by a thin film 
is not dictated by the actual transfer process itself, but rather on our ability to grow on a 
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substrate that will suffice high surface-area needs. This will surely be realized in the 
future when applications such as this introduce a demand for enhanced production of 
aligned SWNT. The work we present here provides a direct route to making thin and 
thick films of SWNTs that can be scaled in parallel to such a high productivity growth 
system. In addition, this method allows one to achieve an aligned, transparent film of as-
grown SWNTs, free of metal or impurities, composed of ultra-long nanotubes, and 
without any surfactant or solvent treatment. 
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Chapter 12: Dry Contact Transfer Printing of Aligned Carbon 
Nanotube Patterns and Characterization of Their Infrared 
Optical Properties for Diameter Distribution and Alignment 
Analysis 
12.1 Introduction 
One of the key topics of growing interest has been the integration of 
nanomaterials into devices and applications to replace or enhance the performance of 
conventional bulk materials. For many promising nanomaterials, including carbon 
nanotubes (CNT), major progress in synthetic techniques has led to new challenges in 
processing as-synthesized nanomaterials in bulk with nanoscale precision in self-
assembly or transfer to an optimal geometry for device applications. In this spirit, there 
has been a substantial effort to develop techniques of "soft lithography" to transfer a 
variety of nanoscale materials from one surface to another, including proteins, 56 nano 
and micro-scale semiconducting materials, ' and thin layers of carbon nanotubes, ' 
typically utilizing stamps of polydimethylsiloxane (PDMS). Combining this with 
horizontally aligned CNT growth processes,2 4 transferred structures allow precision in 
the positioning of nm-scale features for large-scale electronics device applications 
currently being realized.265'266 
On another front, there has also been an evolving interest in the ability to grow 
single-walled carbon nanotubes (SWNT) from solid surfaces in arrays using chemical 
vapor deposition (CVD)31'230 and specifically water-assisted SWNT growth,26'29'76 where 
the arrays are oriented perpendicular to the growth substrate. The major feature limiting 
the large-scale application of this promising technique is the ability to retain the attractive 
features of the aligned array while transferring to a surface suitable for device 
216 
applications. Recently, major progress in the ability to draw aligned thin films directly 
from CNT vertical arrays has enabled many exciting new CNT applications including 
loudspeakers,61 incandescent displays,54 and high resolution TEM grids,2 7 among others. 
Undoubtedly, more flexibility in the transfer process for as-grown aligned films of long 
carbon nanotubes can enable substantially more routes for innovative device and 
application design. Recently, SWNT films transferred via the technique discussed in this 
work have been demonstrated to act as perfect linear polarizers for terahertz radiation. 
In addition to simple techniques for transfer of the aligned SWNT structures, 
another unique feature of CVD-grown SWNTs, and super-growth SWNTs in particular, 
is the substantially larger and broader diameter distribution of SWNTs compared to those 
produced in processes such as HiPco or CoMoCat.223 This makes common ensemble 
techniques developed to study the small diameter (d < 1.5 nm) SWNT species such as 
visible and near-infrared (IR) fluorescence, absorption, and Raman characterization 
insufficient to properly assess the majority population and features of the SWNT species 
in CVD-grown SWNTs with larger diameters and broad distributions. For these species, 
the spectral range is shifted into the infrared (IR) for the strongest inter-band transitions, 
and enhanced overlap of spectral features from individual (n,m) species makes specific 
nanotube assignment tedious, and perhaps impossible without specifically designed 
samples. However, this represents a problem since there has been a dramatic increase in 
the prospect for applications made from aligned carbon nanotubes grown in CVD, and 
this will likely continue to increase. Therefore, it is important to accurately assess the 
composition and properties of the nanotubes (quality, alignment, etc.) from an ensemble 
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perspective and evolve toward spectroscopic techniques that can be performed in 
resonance with the majority population of the SWNTs when working with such materials. 
In this work, we first outline an efficient technique to transfer well-aligned films 
of semi-transparent, pristine, and long (> 25 urn) nanotubes grown via water-assisted 
CVD to optical windows. We further utilize polarized IR absorption to characterize 
broad envelopes describing collections of SWNT inter-band transitions that can allow a 
simple and relatively accurate assessment of the diameter distribution of nanotubes 
present in an aligned or unaligned sample. Finally, we compare the polarization 
dependence observed in the IR to that found in other spectroscopic techniques to 
emphasize the factors contributing to the anisotropy, and considerations one should make 
when assigning properties based on SWNT alignment. 
12.2 Experimental Details 
Vertically aligned SWNT arrays were synthesized through CVD utilizing water-
assisted growth and either hot filament89 (atomic hydrogen) or hydrazine35 reduction for 
catalyst activation. In order to grow SWNT arrays, a mixture of C2H2, H2, and H2O was 
introduced under vacuum (1.4 Torr) to a growth substrate heated to 750°C. Details of the 
growth procedure and parametric information of nanotubes obtained are extensively 
discussed elsewhere.75' 112' 143' 269 In order to pattern the growth substrates, optical 
lithography was utilized to create catalyst pads between 0.5-2 urn wide and spaced by 50 
urn across a 4" p-doped Si wafer having a 0.5 nm thick Fe catalyst layer. Films were 
formed by detachment of the aligned SWNT from the catalyst via H2O vapor etching113 
in the CVD system for 3-5 min and SWNT transfer was achieved by contact transfer as 
illustrated and discussed in Fig. 1. 
218 
In order to carry out optical absorption experiments, aligned SWNT films are 
transferred to a clean, polished KBr window which is positioned in a vacuum cell with 
the film exposed to vacuum and another KBr window on the opposite side. Absorption 
spectra are taken with a KBr beamsplitter and either a white or IR light source and a 
DTGS detector in a Thermo Nicolet Nexus 870 FTIR system. Polarized fluorescence is 
measured on a custom-built near-IR microscope system discussed previously, where 
polarization dependent data is taken by changing the polarization of the incoming laser 
excitation with respect to the alignment in the sample. The combination of a 785 nm 
laser and a near-IR detector (900-1700 nm) limits the observation of only small diameter 
SWNTs (d < 1.5 nm).271 Polarized Raman data is taken utilizing a 785 nm diode laser 
with a rotating sample mount, whereas additional Raman data taken at multiple laser lines 
was obtained using a tunable Ti: Sapphire laser, similar to that in described elsewhere. 
12.3 Dry Transfer of Patterned, Aligned SWNTs 
Analogous to the mechanism which guides a gecko to navigate along a surface 
normal to the plane of gravity, the transfer process for pristine, aligned SWNT films 
described here is a completely dry process that operates on the principle that van der 
Waals interaction between a layer of SWNT and any host surface is greater than the van 
der Waals interaction and bond strength of the nanotubes to the growth substrate. This 
principle is the key as to why patterned, aligned CNTs have been demonstrated as 
effective adhesive tapes.57'7 We demonstrate here that this mechanism can also be 
adapted to a transfer process yielding catalyst-free patterns of aligned carbon nanotubes 
on any arbitrary surface, with the nanotubes aligned in a direction parallel to the surface 
plane. The general steps of this transfer process are illustrated in Figure 12-la. The first 
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Figure 12-1. (a) Scheme depicting the process for dry contact transfer of aligned SWNT, 
as described in the text, (b) SEM image of an upright patterned growth prior to transfer, 
and (c) picture showing a complete transfer to a 5 mm x 5 mm wide diamond window. 
step involves the growth of vertically aligned SWNT arrays in narrow line patterns, 
further illustrated in the scanning electron microscope (SEM) image shown in Fig. 12-lb. 
To achieve this, optical lithography is utilized to define wafer-scale patterns of lines, 
where 10 nm of AI2O3 and 0.5 nm of Fe are deposited via e-beam deposition. Growth is 
then carried out through water-assisted CVD, and the result is an array of upright line 
structures of variable width and height, based on the lithographic pattern and reactor 
exposure time, respectively. The next step is a post-growth H2/H2O vapor etch which 
acts to release chemical bonds between catalyst particles and the nanotubes, leaving the 
interface between the grown nanotubes and the catalyst layer controlled by weaker van 
der Waals interactions. This step was a subject of a recent study113 in which we focused 
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on the transfer of short, homogenous carpet films, and marginally discussed the transfer 
of the line structures in a similar manner. Specifically, the transfer process using 
patterned SWNT arrays operates under the same general concept, but the transfer 
efficiency is optimized compared to homogenous carpet materials since the aligned 
SWNT structures can be "toppled" over to achieve optimal van der Waals interaction 
between the edge of the SWNT line and the host surface. The transfer occurs since there 
will always be more surface area of the line exposed to interaction with the host (transfer) 
surface than the growth substrate, since the line is "toppled" over while interacting with 
the host surface. As a result, the patterned SWNT can be easily lifted away as the 
catalyst remains on the clean growth substrate that is left behind. In our experience, we 
find few constraints on surfaces effective for transfer, as transfers to surfaces ranging in 
surface roughness (i.e. tpx or commercially available polymers with micro-scale 
roughness), surface potential, and cleanliness routinely exhibited clean transfer. 
However, in extreme cases of surface roughness of contamination, we forsee the transfer 
process to be adversely affected, even though we have not investigated this extensively. 
Shown in Figure 12-lc is a photograph of a transfer from a typical growth substrate to a 5 
mm x 5 mm diamond window (0.5 mm thick). From this photograph, it is evident that 
the diamond window (initially transparent) is uniformly coated with a thin film of SWNT 
from the growth surface, which visually confirms the clean footprint from the diamond 
window. In addition, one can also observe that some SWNT lines protruding from the 
edge of the diamond, indicating that the line structures have detached and are quite free 
of interaction with the growth substrate. A key feature in achieving the best transfer 
with this process is fine tuning the amount of time in which the SWNT arrays are 
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Figure 12-2. SEM images showing various films transferred via the technique shown in 
Figure 1. (a) Film transferred to APTES-functionalized SiC>2, with inset views showing 
the overlap region between lines, (b) Film transferred to a diamond window (corresponds 
to Figure lc). (c) Scheme depicting the difference between an individual transfer and a 
dual transfer technique, (d) Zoomed-out SEM image of a grid pattern formed by two 
transfers, and (e) closer view of the grid pattern showing a single intersection of two 
individually transferred SWNT lines. 
exposed to the H2/H2O etch. Typically, the optimal time in our experiments ranges 
between 3-4 minutes, even though this varies with the growth conditions. In the limit of 
long exposure to the H2/H2O etch (typically greater than 10 minutes), the lines are found 
to spontaneously detach in the growth reactor and be lost to the vacuum pump. Although 
this detachment is mostly attributed to H20 etching of C in the presence of a catalyst, we 
also speculate that Ostwald ripening of the catalyst particles in the growth environment 
may also play a role. 
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The primary benefit of this technique, in comparison to other established 
processes for transfer, is that the process is performed completely in the dry state with 
only a single step. Compared to the range of "soft lithographic" techniques that exist, 
this process is quicker, less destructive, and is scalable to large-areas (wafer-scale). 
However, it is geared toward the fabrication of SWNT array structures that are 
substantially thicker compared to those obtained via horizontally aligned growth on 
single-crystal surfaces, where an intermediate PDMS layer is necessary to achieve 
transfer.242' 26°-264 Thick SWNT films are beneficial in applications ranging from solar 
cells to optical sensors, where device efficiency is correlated to the ability of the device to 
absorb all of the incident radiation. In addition, this process leaves the thin catalyst layer 
responsible for SWNT array growth behind on the growth substrate. Evidence of this, 
besides spectroscopic investigation, is that multiple regrowths can be achieved following 
•I -TA 
transfer, similar to that described in recent work. This means that the nanotubes 
remain free of metal, and these structures can therefore be manufactured with standard 
protocols, such as CMOS processing, where Fe is a premier contaminant. Since our first 
observation of this transfer process,113 other reports have emerged with similar techniques 
for transfer of individual aligned SWNT structures to host substrates, ' emphasizing 
the flexibility and already wide-spread interest in this facile technique. In particular, 
Hart's group273 demonstrates the transfer of such blade structures of aligned nanotubes to 
flexible surfaces that can provide an excellent route to achieving highly conductive 
interconnects for electronics devices. 
Shown in Figure 12-2 are a collection of images depicting a variety of transferred 
films produced from the technique illustrated in Figure 12-la. Figure 12-2a shows a film 
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of lines having a length slightly longer than the pitch between lines (resulting in a small 
overlap between adjacent lines, as shown in SEM image inset in Fig 12-2a) transferred to 
a clean SiC>2 surface that has been functionalized with aminopropyltriethoxysilane 
(APTES). Post-transfer, the SWNT film is spin-coated with ethanol and found to dry in 
such a way that no capillary-induced effects alter the continuity of the film. Upon drying, 
we find that the thickness of the film changes considerably and the nanotubes in the film 
appear to become more bundled and coagulated. However, the APTES layer promotes 
strong adhesion of the SWNT to the transfer surface, alleviating excessive cracking in the 
film structure that is typical of capillary force effects of such low-density structures 
during drying. Further images illustrating this concept are provided in the supplementary 
information. This means that, utilizing an APTES adhesion layer, the transferred films 
can be subjected to wet processing for large-scale device fabrication. Figure 12-2b shows 
a film transferred to a diamond surface (corresponding to Figure 12-lc) where the length 
of the lines is smaller than the pitch between lines, resulting in an array of lines 
composed of aligned SWNT. To depict how a single pattern can be made into a more 
complex design, Fig. 12-2c shows the relation between a single transfer and a cross-bar 
(grid) pattern formed by two subsequent transfers of the same simple pattern, as shown in 
Figure 12-2d and 12-2e. Here, the second transfer is conducted with the stamp (growth 
substrate) rotated at an angle 90° relative to the initial pattern. The higher magnification 
SEM image in Fig. 12-2e emphasizes the highly aligned nature of the SWNTs in a line 
intersection. The presence of a small crack in the transferred SWNT film shown in Fig. 
12-2d (upper left corner), as well as some cracks observable in Fig. 12-2b are typical 
"defects" in this process, and arise from defects present during growth that cause gaps in 
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the grown line structures. Since cracks only rarely occur along the many cleave planes 
that exist (due to the excellent SWNT alignment), these defects would only affect device 
or application performance if one fabricated the device such that charge transport 
occurred across this gap. Due to inefficient thermal and electrical transport normal to 
SWNT alignment, this means that device performance from such transferred structures is 
independent of these crack features. In addition, we find that the yield of transfer is very 
high- every attempt at transfer following the H2O vapor etch resulted in complete transfer 
of the SWNT array film. We note that some transfers were not "perfect" (< 20%) due to 
hand movement when removing the growth substrate or initially pressing the growth 
substrate to the host surface. This can be easily mitigated by the use of a mechanical 
apparatus to aid in completely reproducible transfer, even though we found transfer "by 
hand" to be efficient enough for the study presented here. Furthermore, although lower 
magnification SEM characterization (Fig. 12-2) emphasizes the excellent alignment of 
the SWNT bundles in the arrays, the higher magnification image, shown in Fig. 12-3, 
also emphasizes short segments of misaligned SWNTs among the well-aligned SWNT 
bundles. As will be discussed later, this is an important feature in properly characterizing 
anistropic properties of the SWNTs. 
Overall, the ability to perform multiple transfers in a simple, dry approach raises 
the intriguing possibility of complex micropatterning of metal-free aligned SWNT 
structures for a variety of applications. This can be useful in electronics and many other 
applications, where room-temperature transfer of metal-free aligned SWNT can be 
integrated into devices that utilize the excellent anisotropic electrical and thermal 
properties of SWNTs. Moreover, this transfer process is not only limited to SWNTs, as 
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Figure 12-3. High magnification SEM image of the alignment present in a general 
transferred SWNT structure, depicting both the good SWNT alignment as well as the 
misalignment in the film that is not obvious in lower magnification images. 
similar contact transfer could be carried out on any material with similar structural 
characteristics. In any case, the ability to manipulate aligned SWNT structures to form 
patterns that are relevant for specific device applications is a concept we foresee to have a 
substantial impact on the future of carbon nanotube based applications. However, as a 
precursor to application development, it is first important to investigate simple, 
statistically sound techniques to characterize these aligned nanotubes, including the 
diameter distribution and the SWNT alignment. We now proceed by utilizing optical 
studies to characterize these features for aligned SWNT films transferred to IR windows. 
12.4 Optical Properties of Transferred, Aligned SWNTs 
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The exciting optical properties of single-walled carbon nanotubes has led to the 
birth of a whole field of research devoted to understanding the physics of this unique one-
dimensional family of molecules. As the rolling angle of the graphene sheet defines the 
electronic characteristics of SWNTs, investigation into the optical properties of metallic 
and semiconducting SWNTs has motived the use of tools including absorption, Raman 
spectroscopy, ' and band-gap fluorescence. ' These optical techniques applied to 
material such as HiPco or CoMoCat SWNT have been performed routinely to gain 
straight-forward insight into the SWNT make-up. However, as water-assisted CVD 
emerges as a key nanotube synthesis technique for a variety of applications, traditional 
and routine characterization methods no longer give the accurate information that one 
would like to achieve in such spectroscopic characterization. This requires spectroscopic 
analysis performed in the mid-IR wavelength range to accommodate the optical 
transitions shifted into this region. As this has yet to be demonstrated, it is questionable 
whether conventional visible and near-IR optical tools can be accurately utilized to assess 
the properties of these SWNTs. Unlike the optical response of small diameter SWNTs, 
such as HiPco, the response expected from the broad range of large diameter SWNTs in 
water-assisted CVD growth is a convolution of many individual features to result in 
broad first and second absorption bands spread throughout the near- to mid-IR range. In 
addition, specific (n,m) assignments can be ruled out due to the overlap of individual 
optical transitions to form broad absorption bands. Therefore, absorbance measurements 
in the IR yield promise for the characterization of general properties, such as the range of 
diameters present in the sample, which is typically the most sought feedback for synthesis 
techniques and for a general comparison between different as-synthesized materials 
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Figure 12-4. (a)-(b) Angular-dependence of the frequency dependent molar absorption 
coefficient, s, for aligned films transferred to KBr windows, taken in increments of 10°, 
with 8(0 = 90°) subtracted to represent the absorbance due only to the aligned nanotubes. 
Figure in (b) shows a contour graph of this, emphasizing the emergence of inter-band 
SWNT transitions and the free carrier absorption, (c) Fitting scheme to the Linear 
Dichroism (0 = 0° data shown in (a)) depicting relative contributions from the 
semiconductor optical transitions (En , E22 ) and the free carrier absorption, (d) 
SWNT diameter distribution extrapolated from fit in (c) and utilizing eq [5]. 
utilized in applications. We note that the technique illustrated in Figure 12-1 is excellent 
for these studies, since the films can be transferred to IR transparent windows (KBr) with 
no loss of nanotube alignment in the transferred film. Since it has been demonstrated that 
the absorption of radiation by SWNTs depends strongly on the polarization of the 
radiation relative to the SWNT alignment, fine control of the SWNT alignment direction 
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relative to a fixed polarization of incoming radiation allows us to accurately assess the 
absorption features due to the nanotubes in the film. 
Shown in Figure 12-4a and 12-4b is the angle dependence of the molar absorption 
coefficient for films transferred to KBr windows, calculated as e = Alcleff, where A is the 
absorbance at an angle 8, where A(6 = 90°) has been subtracted, c is the concentration 
(mol/cm3), which is calculated from the known carbon density of ~ 55 mg/cm3, and / is 
the thickness of the SWNT film (7eff = 0.54 urn). Data with the raw value of e (no 
subtraction) is shown in supporting information. In order to characterize the angular 
dependence, measurements are taken at increments of 10 degrees with respect to a fixed 
polarization of light utilizing a rotating sample holder which can be heated and held 
under vacuum (7 x 10" Torr). Data taken when the radiation field is normal to the 
SWNT alignment (90°) is then subtracted from all other spectra (in addition to the 
uniform background from KBr) to indicate the polarization dependence of only optically 
allowed SWNT-related features. 
Shown in Fig. 12-3b is a contour plot of the angular dependent data, with the 
three emergent polarization-dependent absorption features further labeled in a plot of the 
Linear Dichroism (LD) (Figure 12-4c) that we interpret as the (i) long-wavelength 
absorption peak extending into the terahertz frequency range that represents absorption 
partially due to free carriers ( < 1000 cm"1), and (ii-iii) first (~ 2600 cm"1) and second (~ 
5300 cm " ) excitonic inter-band transitions for semiconducting SWNTs (En and E22 
777 7Rfl 
respectively). The origin of the long-wavelength peak is still not fully understood. 
Measurements in the far-IR consistently show that enhancing the free carrier population 
(i.e. by doping the SWNTs) increases the intensity of this peak,278 but other reports 
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suggest influence of inter-band transitions from the narrow-gap semiconducting (SC) 
SWNT population. ' Recent experiments performed on our films show little 
apparent temperature dependence of the lineshape and magnitude of this far-IR 
absorption, except with a strongly negative complex and real dielectric constant 
emphasizing a strong metallic contribution to this peak.2 1 Therefore, this peak will be 
loosely referred to as the "free carrier absorption" based on its apparent indication of 
metallicity in our experiments. However, it is important to note that this is not simply a 
Drude-like absorption and is still not fully established in origin. On the other hand, the 
inter-band (excitonic) transition features for the SWNTs in the array are well-established, 
and represent absorption due to carriers being excited across the energy gap of the first 
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and second pairs of van Hove singularities in the SWNT electronic density of states. 
For an individual SWNT, excitonic transitions in 1-D confined structures leads to 
electronic transitions having narrow (Lorentzian) lineshapes. However, one can interpret 
the broad optical transition features associated with the aligned samples shown in Figure 
12-4c as a collection of a large ensemble of overlapping Lorentzian curves which can be 
equally represented by a Gaussian lineshape. We therefore utilize a fitting technique 
where each of the inter-band transition features (En , E22 , and En ) are fit with a 
broad Gaussian lineshape. To account for the presence of the free carrier absorption 
band, we also utilize a Gaussian fit centered at ~ 95 cm"1, which is the general vicinity of 
the broad terahertz absorption peak.278 Although the detailed lineshape of this peak is not 
expected to be best represented with a Gaussian fit, a sharp cutoff near 400-450 cm" due 
to the light source and beamsplitter combination makes it impossible to resolve any 
lineshape from this peak. Therefore, we apply a Gaussian fit as a first order result to 
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Figure 12-5. Optical transition energy plotted as a function of the nanotube diameter, 
according to eq [5] and the parameters discussed in the text. Inset is a scheme depicting 
the En optical transition for a carbon nanotube, with each energy value labeled in 
accordance with eq [4]. 
account for the presence of this peak without further information of shape that would 
come from lower frequency measurements. 
As shown by the dotted line in Figure 12-4c, the fitting process yields a 
reasonable fit to the normalized absorption data. The distinct signature of the EnSC 
optical transitions in Fig. 4c makes it possible to infer information about the diameter 
range of the SWNT population (Fig. 12-4d). In order to quantitatively analyze this 
absorption envelope to determine SWNT diameter information, a relation between the 
optical transition energy, the band gap, and the diameter must be established. We can 
therefore express the measured En transition energy (Eopt) as a linear combination of the 
band gap energy (Eg), the exciton binding energy (Eb), and the self-energy (Es), as 
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Eopt=Eg-Eb+Es, [4] 
which are each illustrated by the scheme inset in Figure 12-5. Constructing the form Eopt 
from components Eg, Eb, and Es as described elsewhere,8'283"287 we can rewrite eq [4] as 
i V = ^ ^ - — + 0 .55^1n 
d d 3d 
9d 
, [5] 
.2P. 
where d is the nanotube diameter, ac-c is the interatomic carbon-carbon distance (0.142 
nm), yo is a constant from tight-binding calculations, e is a parameter describing the 
effective dielectric constant, a is a scaling parameter for e, and p is an integer describing 
the order of the transition. It should be noted that additional many-body terms could be 
included to give (n,m) specificity to the optical transition energies.288"290 However, these 
are higher-order corrections that lose meaning with the broad diameter distribution 
present in our samples, and are therefore neglected. Therefore, the ability to achieve a 
reliable diameter distribution from the range of measured transition energies is inherently 
dependent on the accuracy of the parameters in eq [5]. In all cases here, the 
measurements were performed in vacuum, allowing us to fix e = 1.842,289 and the 
adjustable parameter a to 1.4 as described by Perebeinos et al2S1 For the band gap 
energy, the parameter yo was fixed at 2.5 eV, which was chosen due to (i) excellent 
correspondence between the relation in eq [5] and the experimentally determined optical 
transition energies for smaller diameter SWNTs (supporting info),291 and (ii) 
experimental determination of this value through STM measurements by Odom et al.8 
The parameter p was fixed at 1 since we are analyzing the EnSC optical transition. 
Therefore, we expect eq. [5] and these parameters to best capture the physics associated 
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with optical absorption and therefore be the most accurate, both physically and 
quantitatively, in assigning optical transition energies. 
In order to assess the validity in using eq [5] to describe optical transition 
energies, we plot the optical transition energy as a function of diameter with these 
parameters, as shown in Fig. 12-5. Most importantly, this relation yields optical 
transition energies agreeing well with measured values from the experimental Kataura 
plot.291 The difference in EnSC transition energies in modi and mod2 SC SWNTs is not 
captured in eq [5] and is expected to diminish as the SWNT diameter becomes larger (it 
could be captured by extending the exciton binding energy term in eq. [5] beyond the 
leading term288' 289). Overall, the accuracy of eq. [5] in describing optical transition 
energies is most dependent on limited experimental data for the extrapolation of exciton 
binding energies and self-energies into the range of large diameter SWNTs. Until now, 
most experiments have been performed in aqueous environments, where spectroscopy is 
limited to the near-IR and high-frequency edge of the mid-IR range due to the overlap of 
water absorption. Therefore, we expect this simple model to be the most accurate from 
the current state of experimental investigation into these effects, even though a better 
treatment of many-body effects in individualized, larger diameter SWNTs in well-
controlled environments is still necessary. 
In order to extract a diameter distribution, eq. [5] is solved for d (as a function of Eopt), 
and the measured envelope of EnSC transition energies are mapped onto the diameter 
distribution. To analytically solve eq. [5], the ln(9d72p) term is expanded into a series, 
and only the first leading term of the series is utilized in the calculation to obtain the 
distribution shown in Fig. 12-4d. We also observe that the leading 1/d dependence of the 
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Coulomb self-energy term can alternatively be taken into account by scaling the value of 
yo to ~ 4.6 eV (scaled to give a similar Eopt compared to that when Es is explicitly 
considered), and disregarding the part of eq. [5] describing the self-energy. This slightly 
decreases the width of the distribution, but still describes the majority SWNT diameter 
population accurately. This represents a route to reduce the difficulty of solving Eq [5] 
(with the logarithmic relation from Es), but still gives empirically correct transition 
energies. 
Upon inspection of the distribution shown in Fig. 12-4d, it is evident that the Gaussian 
fit applied to the envelope of EnSC transitions is only accurate to first-order, and likely 
misrepresents the shape of the real envelope at the extrema (large and small diameter 
edges). This is most apparent by a long tail extending to large diameters, and a non-zero 
probability of SWNT having d = oo. Nonetheless, one can infer from this fit the majority 
SWNT diameter range, which is the important information sought through this technique. 
From figure 12-4d, the diameter range appears peaked at -2.7 nm with a large population 
of nanotubes having diameters greater than 3 nm, which is consistent with TEM 
characterization of SWNT material grown via this technique,75' 112' 143 as well as 
observations of SWNTs present in the typical water-assisted supergrowth process of Hata 
and coworkers.26' As a result, this process of utilizing polarization-dependent IR 
absorption in highly aligned SWNT samples is a promising route toward establishing the 
diameter distribution of a sample having SWNTs in a diameter range consistent with the 
water-assisted CVD technique. 
Recently, we have shown that the electrical properties of SWNT films made 
utilizing the technique shown in Figure 12-1 can be altered by air exposure of the film 
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Figure 12-6. Angular dependence of the IR molar absorption coefficient for a SWNT 
film (a) following a long (~ 4 month) air exposure, and (b) the same film in (a) after a 5 
minute anneal at 100°C. (c) Diameter distribution obtained by utilizing eq [2] with the 
quenched EnSC contribution evident from subtraction of 0 = 0° spectra in (a) and (b). 
Inset in (c) is the IR molar absorptivity subtraction, from which the diameter 
distribution was extracted, (d) Radial breathing modes (RBM) in resonant Raman 
spectroscopy taken with 750, 830 and 850 nm excitations. The dotted lines mark the 
general range of diameters (calculated via CORBM = 227/d) observed in this technique, 
which are also labeled. 
and subsequent vacuum annealing. Interestingly, with over a week of exposure to 
air, vacuum annealing of the SWNT films resulted in absolutely no change in the 
observed optical properties. However, after leaving the films in the laboratory for ~ 4 
months exposed to air, a distinct change in the optical absorption spectra was observed, 
as shown in Figure 12-6a. The same anisotropic optical absorption as shown in Figure 
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12-4 is observed in this case, except that the peak describing the envelope of En 
optical transitions is no longer distinguished in the spectra. After taking the data in 
Figure 12-6a, the film was subjected to 5 minutes of vacuum annealing (100°C, 7 x 10"7 
Torr), after which the optical absorption spectrum of the pristine SWNT film was 
restored, shown in Figure 12-6b. Therefore, some constituent of air in low abundance 
resulted in a p- or n-type doping effect on the SWNTs, shifting the Fermi level of the 
nanotubes into the valence (conduction) band respectively and bleaching the EnSC 
optical transitions. The specific constituent is unknown: experiments designed to test 
this by utilizing purely O2, CO2, or H2O exposed to the SWNT film for up to 30 mins 
in the vacuum cell resulted in no observable effect in the optical spectra of doping due 
to physisorption, even though O2 has been reported in the past to facilitate charge 
transfer in solution to bleach optical transitions in small diameter SWNTs.271 This 
general phenomenon has also been reported through acid-doping (p-doping) in the 
past,292"294 and therefore appears to be a reasonable explanation. In addition, consistent 
with a shift of the Fermi level to a position between the first and second mirror van 
Hove singularities in the density of states, the envelope of E22SC optical transitions is 
generally unaffected. Comparison of Figure 12-6a and 12-6b not only emphasizes a 
difference in the EnSC optical transitions, but also in the long-wavelength free-carrier 
absorption. The enhancement of the magnitude of this free-carrier band is an additional 
indication of an enhanced free-carrier population, as one would expect if the change in 
the spectra was due to doping. After vacuum annealing, the free-carrier absorption 
returns to a level identical to that for the previously measured pristine SWNT film in 
concert with the return of the envelope of En optical transitions. The behavior of the 
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free-carrier absorption is similar to that observed by Itkis et al. upon doping of HiPco 
films.278 
The sensitivity of the En optical transitions chemical doping presents an 
alternative route to analysis of the diameter distribution through a comparison of the 
doped versus pristine SWNT film. In order to do this, we took the difference between 
the normalized (difference between 0° absorption and 90° absorption, as shown in Fig. 
12-6a and 12-6b) IR spectra for the doped and pristine films. In order to account for 
the enhanced free-carrier band in the doped SWNT film, a Gaussian fit was applied 
similarly to that in Fig. 12-4c, except with a varying amplitude. This ensures that the 
result of the subtraction of the two spectra was not influenced by the enhanced free-
C O 
carrier absorption, and therefore representative of the characteristic shape of the En 
C O 
absorption envelope. Again, utilizing eq [5] to relate the envelope of En transitions 
to the diameter distribution yields a distribution with nearly the same shape and peak 
position as shown in Fig. 12-4c, except with a more realistic large-diameter tail. The 
use of subtracted optical absorption in SWNT films where the En is bleached 
C/~* 
(doped) vs. when the En is strongest (pristine) gives the most accurate information 
about the shape of the EnSC absorption band, and therefore is expected to give the most 
accurate fit of the diameter distribution. This provides a route where special sample 
preparation is not necessary to obtain a diameter distribution, as this can be performed 
just as easily on misaligned films using the formalism presented in eq. [5]. 
Further analysis of the diameter distribution from radial breathing modes in 
resonant Raman spectroscopy, as shown in Fig. 12-6d, also emphasizes a broad diameter 
distribution that has species ranging from below 1 nm in diameter up to ~ 4 run based on 
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Figure 12-7. (a) Representative AFM image obtained following dispersion and spin 
coating of CVD-grown SWNT onto clean mica surfaces, and (b) Diameter distribution of 
122 individual nanotubes taken via AFM. Overlaid on the distribution is the calculated 
diameter distribution using IR data and eq [2] as shown in Fig. 3d (blue) and Fig. 5c 
(green), emphasizing good general agreement between the majority SWNT population 
determined from IR absorption measurements. 
the relation, CORBM = 227/d.295 The caveat to this measurement technique is that the 
signature of the majority of SWNT species is in the form of higher order transitions (E22 
- E55 for SC SWNT), which makes a quantitatively accurate diameter distribution 
challenging to obtain. Nonetheless, resonant Raman spectroscopy is a useful tool for the 
identification of presence of these SWNT species and can be utilized as a technique 
complementary to IR absorption measurements. However, IR absorption that can be 
performed in an FTIR system (readily available in nearly every laboratory) can be 
distinguished as a technique that can quickly and effectively be utilized to give an 
estimate of the majority SWNT diameter distribution for such larger diameter SWNT 
species in accordance with Figs. 12-4d and 12-6c. 
In order to verify the diameter distributions obtained via IR absorption, we 
performed AFM analysis of surfactant-suspended SWNT from carpets as an alternative 
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technique to estimate the general range of diameters in the sample. To suspend the 
SWNTs, the nanotubes were detached from the catalyst layer and tip-sonicated in a 
sodium deoxycholate/water solution for 2 hours with an approximate concentration of 
100 mg/L. Following this, a decant was prepared by ultracentrifugation at 200,000g for 2 
hours. The resulting solution was diluted and spin-coated onto a clean mica surface for 
AFM imaging. A typical AFM scan of the nanotubes characterized, as well as a 
distribution o f - 120 manually assigned nanotube heights are shown in Figure 12-7. It 
should be noted that the tip sonication period resulted in substantial cutting of the 
nanotubes, leaving them in pieces near 1 um long, on average. Diameter analysis was 
performed to characterize the nanotubes identified as individuals by forming height 
profiles along the nanotubes and monitoring whether there was any indication of 
bundling in the measured tubes (which is often evident in broken bundles by intersections 
of tubes into a bundle). In general, the distributions measured appear to correlate well to 
the majority diameter distribution characterized via IR spectroscopy and eq [5], and 
provides a similar picture to distributions made from TEM images269 and average catalyst 
particle sizes reported through plan-view TEM35 utilizing the same water-assisted CVD 
process. As noted previously, the fits from the IR spectra are slightly more inaccurate at 
the extrema of the distribution, especially in the case of the fit from Fig. 12-4d, where the 
long tail inaccurately represents the large diameter population. The fit from Fig. 12-6c 
best represents the larger diameter SWNT species, but both distributions underestimate 
the small diameter SWNTs present. Data from Raman spectroscopy (750 nm excitation, 
Fig. 12-6d) indicates a clear presence of these smaller diameter SWNTs through the E22 
optical transition. The inability of this technique to accurately capture those species is 
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likely due to the very long and broad tail of the En' envelope that extends into the near-
IR and overlaps with the higher order transitions from the majority SWNT species. 
However, the key point here is that these fits generally capture the majority SWNT 
population in a statistically sound approach, and therefore represents a powerful tool for 
diameter analysis for an unknown CNT sample without the requirement of specialized 
sample preparation. 
12.5 Characterization of Alignment for Long, Aligned SWNTs 
In addition to the SWNT diameter distribution, another key feature that is useful 
to analyze is the alignment present in the SWNT film. Alignment is also a quantity of 
interest since it is a primary aspect of determining the electrical, thermal, and mechanical 
properties of structures composed of SWNTs. The anisotropic electrical and thermal 
transport properties of SWNTs in films makes a proper measurement of alignment crucial 
in understanding transport mechanisms observed or expected from a SWNT material. 
The strongly anisotropic absorption of polarized radiation by SWNTs has made polarized 
spectroscopic techniques, including polarized Raman spectroscopy253' 296' 297 and/or 
polarized absorption spectroscopy,298"300 useful techniques for alignment characterization. 
Utilizing well-aligned SWNT samples made by the process illustrated in Fig. 12-1, we 
can investigate the alignment in the film and determine the degree of alignment as a 
function of wavelength. Shown in Fig. 12-8a is a plot of the optical absorption 
anisotropy, a, and the polarization, p, as a function of the parallel absorption (AD) and 
perpendicular absorption (A±) as defined:300 
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« = '
 OA . P = T J L ^ T L - M 
A j |+2A± A M + A ^ 
240 
(a) 
! 
i 
a. 
a 
(b) 0.6 
0.5 t k 
<_ 0.4 
C 0.3 
•e 
S 0.2 
0.1 
0.0 
460 cm 
2700 cm1 J 
5500 cm1 * 
w* 
* 9 ' 
At 
^ — i — i — i — h H — • — i — i — i — i — h 
1000 2000 3000 4000 5000 6000 7000 
Wavenumbers (cm"1) 
30 60 90 120 150 180 
Angle (degrees) 
0 10 20 30 40 50 60 70 80 90 
Angle (degrees) 
Figure 12-8. (a) Polarization and optical absorption anisotropy calculated in accordance 
with eqn (3). The red point and dotted line is an extrapolated fit to data taken in the THz 
as described in ref. [21]. Inset is a plot of the smooth background of s obtained in 0 = 90° 
spectra, (b) Angular dependence of the absolute absorbance for the three distinct peaks 
labeled in Fig. 3c. Dotted lines represent best fits achieved with a generalized sin (0) + C 
function, (c) Near-IR image of fluorescence emission from a dry, transferred aligned 
SWNT film to a glass cover slip. Inset shows representative emission spectra to 
emphasize that each bright spot corresponds to individual SWNT emission sites. Similar 
to transferred films shown in Fig. 2b, there is a gap between the SWNT in the aligned 
film where no emission spots are observed, (d) Angular dependence of a collection of 81 
total nanotubes measured by tracking the polarization dependent emission intensity as a 
function of angle (in 10° increments). 
Here, a is a quantity that can be compared to the nematic order parameter, which was 
calculated to be 1 for similar films in recent THz (~ 2 THz) absorption experiments, 68 as 
noted in Fig. 12-8a. It should be noted that the radiation length scale is not proportional 
to wavenumbers, which makes the THz point in Fig. 12-8a appear higher than the data 
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presented at greater frequencies. However, on a plot where the parameters are plotted as 
a function of X, this is not the case. The inset in Fig. 12-8a is the A± background, which 
appears to be greatest in the vicinity of the inter-band optical transition features or 
generally in the higher energy region of the spectra. 
Interestingly, the magnitudes of both a and p appear to be strongly dependent on 
the wavelength at which these quantities are calculated. At the lowest energies available 
to these experiments, it is clear that the values of the quantities in eq [6] approach 1, 
consistent with polarization-dependent measurements at ~ 2 THz. However, on the high 
energy side of the spectra, the anisotropy appears to be lower and the values of a and p 
drop to between 0.3-0.45, where the greatest "background" absorption takes place. This 
change in the anisotropic absorption characteristic of the film as a function of wavelength 
is also illustrated in Fig. 12-8b, which shows the angle-dependent raw absorption data 
(not normalized) for three specific points in the (i) free-carrier absorption region (460 cm" 
l), (ii) peak of the envelope of EnSC optical transitions (2700 cm"1), and (iii) peak of the 
envelope of E22 optical transitions (5500 cm'). In each case, the data points taken in 
increments of 10° give an excellent fit to a generalized sin (0) + C function (the dotted 
line in Fig. 12-8b), which is typically observed for aligned SWNT structures in polarized 
absorption measurements. Most evident from this data is that the free-carrier absorption 
is the strongest anisotropic feature, followed by the EnSC transitions, and then the E22 
transitions. This raises an interesting question regarding the mechanism behind the 
different absorption anisotropy in each of the SWNT IR absorption features. In the first 
case, this could be influenced from cross-polarized optical transitions. " Recent 
studies have shown that bundled SWNTs (which are the majority of the SWNT array 
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species) can exhibit a depolarization effect that can change the selection rules for 
absorption of light with a field direction normal to the SWNT long axis. This means that 
bundled SWNT can exhibit forbidden En_m optical transitions instead of only the allowed 
Ent„ transitions, which are always the dominant polarized transitions in individual SWNT 
experiments. Subtraction of expected EnSC and E22SC absorption bands from the raw data 
does not indicate any apparent changing baseline for the polarization-dependent IR 
spectra compared to that observed with 9 = 90°. As a result, we believe that any effect 
from the optically forbidden transitions to be broad (and hence weak) and generally 
featureless- making it impossible to trace in these measurements. Therefore, we focus on 
another important consideration in the anisotropy of the film which is the effect of 
misalignment and a wavelength-dependent length scale that is probed in absorption 
measurements. This is emphasized by the optical absorption anisotropy that is strongly 
dependent on wavelength, as shown in Fig. 12-8a. One explanation for the changing 
anisotropy is a threshold length scale for misalignment to occur in the film. Although 
zoomed-out SEM images always indicate what appear to be extremely well-aligned 
bundles of SWNT, closer views typically reveal that many of the nanotubes stray and 
remain misaligned over length scales of a few hundred nm, whereas the bundles (which 
are typically most evident in SEM) remain rigid and well-aligned. Neutron scattering 
experiments performed on aligned CNT arrays indicate the presence of well-aligned 
CNTs among a population of misaligned CNTs.248 Other recent analysis has emphasized 
that many SWNTs grown in both alcohol-assisted and water-assisted CVD processes tend 
to exist, at least partially, as individuals or small bundles.304 With this in mind, we 
characterized alignment utilizing photoluminescence from a dry, aligned SWNT film 
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transferred to a glass cover slip, as shown in Fig. 12-8c. As shown, many bright (and 
dimmer) spots are observed corresponding to emission sites from small diameter SWNTs 
present on the surface of the sample, and within the sample, respectively. Analyzing the 
emission spectra from individual spots (inset in Fig. 12-8c), the narrow lineshape and 
single emission peaks along with the individual SWNT polarization dependence 
emphasizes these spots likely correspond to individual semiconducting SWNTs. 
However, tracking the polarization dependence of a total of 81 individual bright emission 
spots, the SWNT appear to have no apparent orientation as shown in Fig. 12-8d, contrary 
to other measurements. This measurement illustrates the substructure of the nanotube 
array that consists of individual SWNT or small bundles straying from the overall 
alignment direction. As a result, this substructure of the array could play a role in 
affecting the anisotropy of the film in IR absorbance measurements. The presence of dim 
and bright emission sites within the SWNT lines indicates this is from SWNTs located 
throughout the SWNT line, and the lack of anisotropy is a combination of a short length 
scale excitation probe (785 nm) and a substructure of individual SWNT and small 
bundles amidst a well-aligned primary structure of highly bundled SWNTs. If the region 
of misalignment in a nanotube is much greater than the localization length of a bound 
exciton, off-axis absorption should be expected to scale with the length of the misaligned 
SWNT. Furthermore, with a fixed average length scale on which misalignment occurs, 
increasing the wavelength of incident radiation should also damp the absorption from the 
misaligned population. Therefore, the wavelength dependent background could be 
strongly influenced by misalignment inherent to the structure of vertically aligned SWNT 
grown via the water-assisted CVD process. 
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Figure 12-9. Polarized Raman spectra with 785 nm excitation showing G-band as a 
function of angle both as (a) a contour map, and (b) as a plot showing maximum G-band 
intensity as a function of angle, with the dotted line depicting a generalized sin4(9) + C 
fit. Raman response is measured with scattered light in parallel polarization to incident 
light while sample is rotated. 
A complimentary measure of alignment can be performed via G-band polarized 
Raman spectroscopy, as shown in Figure 12-9. The Raman data is well-fit to a 
generalized fourth-power sinusoidal relation (C + sin4(0)), in agreement with previous 
measurements and the general form for the angular scattering intensity of 
electromagnetic radiation for a collection of polarizable cylinders. The ratio of 
Gparaiiei/Gperp in this case is ~ 3.5, which is generally consistent with the absorption 
anisotropy at wavelengths approaching the near-IR. Although this represents a 
reasonably well-aligned structure, it is a value much lower than that observed in recent 
conductivity measurements for similar films, with anisotropy (conduction 
parallel/perpendicular to alignment) greater than 100 at room temperature. Previous 
studies have established that for HiPco SWNT (length < 1 um),307 the anisotropy in 
conduction is similar to the G-band ratio in polarized Raman spectroscopy. However, 
when the SWNT length is much greater than the excitation wavelength, the anisotropy 
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measured is not representative of anisotropy that would arise in the physical performance 
of the film in an application, but perhaps indicative of the substructure of the aligned 
SWNT film that is less important. Not only does this emphasize the usefulness of long 
SWNTs for applications where alignment may be necessary to yield device performance, 
but also emphasizes the need for a better range of "tools" to accurately characterize the 
long, larger diameter SWNT species typically produced in the CVD process. It seems 
reasonable that the measure of alignment for long SWNT films through optical 
techniques should be conducted on a length scale that is comparable to the length of the 
SWNT. This means that optical excitation in the visible and near-IR does not yield 
equivalent information about the film alignment for the long SWNT as it may for HiPco 
or other sub-//m length SWNTs that have lengths comparable to that of the incident 
excitation. From the work presented here, we believe that IR absorbance can be 
distinguished as an effective tool for the characterization of the alignment in this way, in 
addition to analysis of the diameter range of the SWNT population. In addition, we 
foresee the adaptation of other common resonant optical characterization techniques into 
the IR to properly assess the large-diameter SWNT population that is commonly 
produced in the CVD technique but remains relatively unstudied through existing optical 
techniques. As nanotubes grown in the CVD process continue to appeal to applications, 
it is of great importance to have equivalent tools to study and compare the optical 
properties of these nanotubes compared to those tools which have been developed in the 
past decade for their smaller diameter counterparts. 
12.6 Conclusion 
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We demonstrate here a technique for dry transfer of horizontally aligned 
structures of well-aligned carbon nanotubes applicable to wafer-scale processing 
technology, with the ability to tailor patterns utilizing multiple transfers for advanced 
device design. Utilizing these films transferred to optical windows, we perform in-depth 
analysis of polarized infrared absorbance, extracting approximate diameter distributions 
and providing insight on alignment and anisotropy characterization in the film. We 
demonstrate this to be a technique useful for the case of polarized incident radiation and 
aligned SWNT samples, as well as unpolarized incident radiation and misaligned (doped) 
SWNT samples, in obtaining an accurate distribution of the SWNT diameters. Finally, 
utilizing near-IR polarized photoluminescence and Raman spectroscopy, we emphasize 
key features that may influence the anisotropy- such as misalignment occurring over 
length scales much smaller than the total SWNT length. This work provides insight into 
characterization and scalable processing of a class of CVD-grown CNT materials that are 
emerging as key components in many current applications. 
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Chapter 13: Supergrowth of Nitrogen Doped Single-Walled 
Carbon Nanotubes: Active Species, Characterization, and 
Doped/Undoped Molecular Heterostructures 
13.1 Introduction 
Substitutional doping of charged impurities into conventional 
semiconductor materials has revolutionized the uses and applications of these materials in 
the past century. Growth of self-assembled nanomaterials, with nanostructured 
components individually substitutionally doped, can yield nanomaterial platforms that 
collectively operate with greater efficiency than conventional materials in a broad range 
of applications. Carbon nanotubes (CNT) are ideal for such applications, since n- or p-
type doping has been demonstrated in both single-walled carbon nanotubes (SWNTs) 
"jfs "31/^ "JO/x 
and multi-walled carbon nanotubes (MWNTs), " and synthesis of self-assembled 
CNT materials has been readily achieved. This general idea has fostered excitement 
about applications, such as in photovoltaics316 and electrocatalysis317 - currently concepts 
at the forefront of CNT-based research. 
Supergrowth26' 28 approaches have elevated the promise of SWNT utility for 
diverse applications. Supergrowth is a general process by which ultralong, densely 
packed (up to several millimeters) SWNTs are grown in the presence of oxygen 
containing species (typically H2O), where the precursor mixture aids to both clean 
amorphous carbon products ' and enhance the catalyst lifetime. ' A unique feature 
of supergrowth is the fixation of the catalyst layer to the base of the growing array, 
allowing metal-free and removable self-assemblies of aligned SWNT for applications,5 a 
feature not achievable through growth processes yielding poorer quality doped MWNT 
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arrays with metal catalyst distributed through the network. To the best of our knowledge, 
vertical array growth of doped high-quality SWNTs has not yet been demonstrated. 
However, substitutional doping in SWNTs grown in entangled morphologies have been 
achieved with a variety of dopants, including nitrogen, boron, silicon, and phosphorus.309" 
11,314,315 jkg chaiiengg t0 studying these materials has been analysis of the dopant 
^10 ^19 ^ 1 ^ ^77 
presence and concentration/1"'3lA'J1J 'JZ ' The use of x-ray photoelectron (XPS) and 
electron energy loss (EELS) spectroscopies have proven effective at high dopant 
concentrations (> 1 at.%), ' ' which is already excessive in most cases. Pioneering 
work by Jorio's group has demonstrated the sensitivity of the G' mode in Raman to the 
dopant presence, but this technique remains qualitative relative to the dopant 
concentration.309 Therefore, a number of issues emerge with respect to advancing this 
material into applications. First and foremost, one must identify the "active species" in 
substitutionally doped SWNT growth such that the most efficient and controllable growth 
process can be engineered. Next, one must have multiple tools designed to characterize 
the doped SWNTs and quantitatively assess both the dopant concentration over a range of 
dopant densities and nanotube physical properties relevant to applications. Finally, one 
must envision and employ techniques to incorporate doped SWNT materials into the 
framework of an application. The purpose of this contribution is to provide a solution to 
all three of these while simultaneously demonstrating a new embodiment of supergrowth 
that efficiently produces high-quality and ultra-long nitrogen-doped SWNT (SWNNT). 
In brief, this work (i) identifies HCN as the active precursor for N-doped SWNT 
supergrowth, (ii) demonstrates sensitivity of optical characterization to N-doping and 
emphasizes the use of excitonic signatures to quantitatively characterize N-doping, and 
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(iii) demonstrates the robust nature of supergrowth to easily fabricate SWNT/SWNNT 
heterojunctions having built-in rectifying interfaces and with array morphologies that can 
be printed to host substrates for direct application development. 
13.2 SWNNT Supergrowth 
A fundamental principle of achieving this technique is the controllable 
introduction of the N-containing precursor into the gas-phase chemical vapor deposition 
system during supergrowth. This is achieved using a similar approach to a recent study 
where hydrazine was introduced to the CVD system for low-temperature gas phase 
catalyst reduction, and is illustrated in Figure 13-la. This technique utilizes N-containing 
precursors with high vapor pressures of N-containing small molecules that include 
pyridine (C5H5N) and acetonitrile (CH3CN) whose vapors can be metered into the 
reaction gas flow to achieve controllable and highly reproducible levels of N-doping by 
fixing the partial pressure of the precursor. To achieve moderate or low N-
concentrations, the N-containing precursor is mixed with acetylene, whereas for high N-
concentrations, the N-containing precursor is the only carbon species present. Shown in 
Figure 13-lb is a scanning electron microscope (SEM) image of a short SWNNT carpet 
(~ 20 um) and a longer (~1.5 mm) SWNNT carpet obtained in this growth process with 
mixtures of CH3CN and C2H2. Details on the differences in these growth conditions have 
been discussed elsewhere, though we note that both contain ultra-long and N-doped 
SWNT. A maximum height of- 1.5 mm is achieved in 60 minutes using this technique, 
even though the variation of height near chip edges indicates that changes in flow 
•JO 
direction (and carbon precursor) could substantially increase SWNT length and yield. 
Nonetheless, to study the SWNNT array growth process, we mainly focus our 
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Figure 13-1. (a) Scheme depicting the experimental approach for supergrowth with gas 
phase N-containing precursors, and (b) SEM image of a vertically aligned SWNNT array 
(with photograph of a 1.5 mm long SWNNT array inset). 
efforts on the shorter carpet species (< 100 um), which grow with remarkable 
homogeneity in height and SWNT properties (relative to position in the carpet), and are 
therefore easier to controllably obtain and reproducibly characterize. 
Transmission electron microscopy (TEM, Figure 13-2) was performed on a 
variety of as-grown SWNNT samples, each having different N-concentrations and grown 
with different precursors. Overall, TEM images emphasize that all observed tubes are 
single-walled and polydisperse in diameter (1-5 nm, average ~ 3 nm), and remain 
relatively clean of amorphous carbon species. This is also typical of the pure SWNT 
product obtained in the supergrowth process based on previous TEM, AFM, and IR 
absorbance measurements.26'50 The at.% of N content is assigned based on data and 
analysis presented later in this work. Extensive TEM imaging indicates the presence of 
only SWNNTs, with no DWNNTs or MWNNTs observed, and the presence of no metal 
catalyst. In addition, no observable shift in SWNNT diameter (or wall quality) with N 
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Figure 13-2. HR-TEM characterization of SWNNTs and SWNTs grown using this 
technique, including SWNNTs with (a) 0.12 at.% N using a C5H5N precursor, (b) 0.002 
at.% N using a C5H5N/C2H2 precursor, (c) 0.015 at.% N using a CH3CN/C2H2 precursor, 
(d) 0.4 at.% N using a CH3CN precursor, and (e)-(f) pristine SWNT using C2H2. Note: 
Scale bar = 20 nm. 
concentration is evident from this imaging, which is consistent with the idea that the 
catalyst nanoparticle diameter should not change upon N presence and that the 
nanoparticle size dictates SWNNT diameter. Although N content cannot be analyzed via 
TEM, it is notable that no significant change in wall quality or amorphous carbon species 
is observed upon changing precursors or growing with only N-containing precursors. 
This imaging therefore confirms the presence of SWNNT, consistent with SWNT 
achieved in supergrowth, and provides the basis for investigations into the growth, 
characterization, and applications of these materials described herein. 
13.3 The Universal SWNNT Precursor 
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One of the most important things to identify when considering growth of 
SWNNTs is the active species yielding the most efficient growth, and the most efficient 
N-doping. In recent studies with pure carbon precursors, it has been clearly shown that 
acetylene is the most active and efficient precursor for SWNT growth in chemical vapor 
deposition (CVD).78' 90 '143 '195 Furthermore, recent studies have emphasized that CVD 
growth with ethylene produces triple-bonded carbon (acetylene) species in thermal 
decomposition that are most active in promoting high yield CNT growth. In this spirit, 
we utilized in-situ mass spectrometry during growth and thermal annealing to investigate 
the decomposition of CsH5N and CH3CN in order to determine whether these precursors 
are independently responsible for the N-doping, or whether decay routes to prime active 
species exists that are products of precursor decomposition. Results from mass 
spectrometry (Figure 13-3) are shown in three unique cases: (i) a control experiment with 
no precursor and only H2/H2O and background species, (ii) a high partial pressure of N-
containing precursor (T = 750 °C), and (iii) the same case as (ii), except with a hot 
tungsten filament. As will be shown later in this work, the case in (iii) leads to the 
greatest N-doping - at least an order of magnitude more than without the filament use 
(for CH3CN). However, detailed analysis of this data emphasizes an interesting feature, 
which is the presence of a m/c ratio of 27 that appears to be significantly enhanced when 
the hot filament is energized. It should be noted that for both CH3CN and C5H5N, a 
significant portion of the thermal decomposition product is known to be HCN. ' In 
fact, the toxicity of CH3CN can be related to secondary HCN production, as this is one of 
the most deadly gaseous species known to humans. However, HCN has a unique triple 
C-N bond analogous to other known efficient carbon precursors for CNT growth.19 One 
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Figure 13-3. Mass spectrum analysis for (a)-(c) CH3CN thermal decomposition, and (d)-
(f) C5H5N thermal decomposition. Arrows point to key peaks to consider, while c.p. 
refers to peaks arising from known molecular cracking patterns. Unlabeled peaks are 
primarily attributed to cracking patterns. 
can also observe a small C2H2 peak in the mass spectrum (primarily in C5H5N 
decomposition), but in both cases, this is invariant with hot filament exposure and 
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completely accounted for by the cracking pattern of the N-containing precursor. 
Therefore, we relate efficient SWNNT growth to the production of HCN active species in 
the CVD reactor. Considering past work with N-doped SWNT or MWNT, precursors 
such as benzylamine or pyrizine are similarly expected to decompose at high 
temperatures to yield a small percentage of HCN. As Ayala et al. point out in their 
studies, higher temperatures lead to more efficient N-doping of few-walled CNTs, which 
is consistent with enhanced HCN production at high temperatures in CVD. This provides 
a universal function of a precursor for SWNNT growth, which is to efficiently produce 
HCN. The unique role in triple-bonded carbon species for efficient CNT growth is 
interesting, and could be related to C-N or C-C dimer formation that can migrate across a 
catalyst and efficiently fit into vacant sites in a growing SWNT or SWNNT. However, 
we also observe some N2 production during growth via in-situ mass spectrometry, which 
is expected to emphasize that much of the N is being expelled from the catalyst as N2. 
Whereas control studies emphasize that HCN is indeed the active carbon source and that 
N species are indeed incorporated into the carbon lattice, we only find SWNNTs having a 
maximum doping level of 0.4 at.%, compared to the 50 at.% expected if all N was 
retained from HCN. Therefore, we postulate that efficiently doping CNTs with N is 
related to (i) the efficient production of a universal HCN species active for SWNNT 
growth, and (ii) the kinetics of the C and N species on the catalyst that dictate the ratio of 
N added to the carbon lattice versus that expelled as N2. Thus, this yields a rational 
approach to substitutionally doping SWNTs with nitrogen from triple-bonded C-N 
species, and we can therefore postulate that efficient growth and doping can be achieved 
from carbon containing molecules with a similar structure to C2H2 and HCN. 
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13.4 Characterization ofSWNNTs 
Possibly the most important aspect of growing SWNNTs is the ability to 
accurately characterize the physical properties of the tubes (defect quality, diameter, etc.) 
as well as the N-content. Presently, quantitative assessment of N-content is only 
achievable at high dopant concentrations (> -0.2 at.% N) via XPS and EELS.312'313'320' 
Figure 13-4a shows XPS spectra from the highest doped SWNNT array in this study, 
which yields concentration of ~ 0.4 at.% N. We note that lower concentrations (< 0.1 
at.% N) are below the noise level in the spectra. The Nls peak position is at ~ 399.5 eV, 
which is between the pyridine (398.5 eV) and sp2 N (400.5 eV) binding energies,322 
suggesting nearly equal presence of both types of N-coordination in the SWNNT. 
Utilizing this information, we can simply relate the HCN concentration from mass 
spectrometry to the nitrogen content in the SWNNT. When C2H2 is cooperatively 
utilized as a precursor, we simply assume a dilution of N based on HCN and C2H2 levels 
measured in mass spectrometry. This approach is crude, but allows us to assign relative 
N-content down to levels immeasurable by all techniques employed here. 
Optical characterization of SWNNTs is performed in this study using two 
techniques: Raman spectroscopy characterization and infrared absorption (Figures 13-4b-
d & 5). Of these, qualitative signatures of N-doping only recently have been 
demonstrated using Raman spectroscopy by Jorio's group. This is based on 
characterization of the double-resonance G' mode, which is sensitive to electronic 
interaction with charged species occupying SWNT lattice sites. As shown in Figure 13-
4b, these SWNNT arrays show a strikingly similar red-shift in the G' mode (633 nm 
excitation) with increasing N-content, validating the concept of controlled SWNNT 
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Figure 4. (a) XPS characterization of SWNNTs grown purely with CH3CN (red) and 
C2H2 (black) to emphasize N-presence and quantitatively determine N-content. (b) 
Raman spectroscopy characterization of the G' double resonance mode with increasing 
N-content with 633 nm excitations. N-content is assigned in at.% based on combined 
XPS and mass spectrometry data. (c). Fitting routine showing the double-Lorentzian 
peak fitting to quantitatively analyze N-content. (d) Ratio of the G' contributions from n-
doped SWNTs and that from pristine SWNTs. The straight line is added to guide the eye. 
supergrowth. However, a unique feature of our work is the ability to assign SWNT N-
content to the onset of a significant GVdoped component of this peak. We therefore find 
that the G' mode is sensitive to N-doping levels down to 10"5 at.% N, nearly four orders 
of magnitude lower than XPS or EELS can characterize N-content. Furthermore, plotting 
the peak area of the G'N-doped peak compared to the G'SWNT peak area as a function of 
concentration (using both C5H5N and CH3CN precursors), a somewhat scattered linear 
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relationship is uncovered (Figure 13-4d) for all points that are not strongly influenced by 
fitting error (all points on the line). This emphasizes not only that the G' mode can be an 
effective tool for quantitative N-content analysis, but that our technique for assigning 
at.% N is generally valid. 
For the characterization of SWNTs in the supergrowth diameter range, the most 
effective technique for optical characterization has been absorption studies.50 Recent 
pioneering theoretical advances have predicted sensitivity of band gaps and many-body 
excitonic effects to doping of SWNT, even though this has never been experimentally 
realized. This has motivated our efforts to establish sensitive fingerprints for N-doping 
using polarized infrared (IR) absorption studies on aligned SWNNT species. Recent 
studies have shown that IR absorption for pristine SWNTs is capable of rapidly yielding a 
diameter distribution by analysis of optical transition energies of semiconducting 
SWNTs.50 Here, we perform a similar approach, by utilizing patterned arrays of 
SWNNT, contact transfer of perfectly aligned SWNNT films to IR-transparent KBr 
windows, and characterizing the linear dichroism (Abs(||) - Abs(±)) using polarized 
absorption. This process and spectra is shown in Figure 13-5a-e. As noted in Fig. 13-5e, 
there is a redshift of the peak corresponding to the En semiconductor (EnSC) optical 
transition. This redshift is found to be consistently enhanced by increasing N-content in 
the SWNNT. The decrease in the linear dichroism (note that data is stacked in Fig. 13-5e 
to emphasize the change in En peak position) with N-content can be related to 
decreased anisotropy occurring from lower growth rates with higher N-content. 
Nonetheless, we observe that for N-content of 0.006%, and an average SWNT diameter 
of- 2.7 nm (which is generally invariant based on TEM characterization), a redshift of ~ 
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Figure 13-5. (a) Scheme depicting the contact transfer process utilized for preparing 
horizontally aligned (HA) SWNNT samples for polarized optical absorption experiments, 
(b) SEM image of upright SWNNT lines following growth, (c) optical microscope image 
of transferred HA-SWNNTs, and (d) photograph of a ~ 1 cm x 1 cm pattern of HA-
SWNNTs transferred to a circular KBr window, (e) Linear dichroism (scaled on y-axis) 
for pristine SWNT, and two different SWNNT concentrations, showing the redshift of the 
En ° optical absorption. 
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100 meV is observed relative to pristine SWNT. It should be noted that modification of 
excitonic transitions based on N-doping should be a diameter-dependent phenomenon 
since more atoms are incorporated in the lattice per unit nanotube length for larger 
diameter SWNNTs. It is also interesting that theoretical predictions suggest that doping 
not only simply influences gap energies, but also modifies many-body effects (such as the 
exciton binding energy).331 In any case, the use of well-defined absorption features 
consistent with N-doping could prove to be an important tool, in concert with Raman 
spectroscopy, to quantify N-doping at low levels of N content in SWNNTs. 
13.5 SWNNT/SWNT Molecular Heteroj unctions 
A unique feature of supergrowth is the synthesis of ultralong SWNT from a 
catalyst layer that remains pinned at the base of the substrate during growth. This 
feature, combined with the ability to grow SWNNTs and transfer self-assembled patterns 
of aligned SWNNTs to host surfaces, yields a unique "bottom-up" approach for growing 
nanostructures that can be engineered for applications. As we show in Fig. 13-5, N-
doping can be utilized as a tunable "knob" for modifying the electronic characteristics of 
the S WNNT arrays. Therefore, we demonstrate the fabrication of a novel heterostructure 
format that involves N-doped and undoped sections along the length of ultralong S WNTs 
that are self-assembled into thin (~ 1 micron thick, ~ 130 microns long) lines transferred 
and laid over on host surfaces (one example shown in Figure 13-6a). This structure is 
made by nucleating with a C2H2 feedstock, growing for 5 minutes, and then continuing 
the growth with a mixture of C2H2 and CH3CN for 30 minutes. Such a routine should not 
disrupt the growth, and should lead to ultralong continuous SWNTs that are partially 
doped with N and partially pristine. The unique feature of this structure is the abrupt 
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Figure 13-6. (a) SEM image of a single ~ 130 um long HA-SWNNT/SWNT made by 
rapidly introducing CH3CN into the C2H2 flow. The contrast difference on each side 
evidences the presence of self-assembled molecular heterojunctions, with the N-doped 
and pristine sides labeled), (b) Raman mapping of the heteroj unction in (a), with spots 
corresponding to the labeled spots in part (a), (c) Band diagram of the expected effect of 
a molecular heteroj unction for this self-assembled SWNT structure (for semiconducting 
SWNT). Ec, Ey, and EF represent the conduction band, valence band, and Fermi energies 
respectively. 
interface between the SWNNT side and the SWNT side, which is visible in Figure 13-6a 
by contrast in the SEM, but also visible in Raman mapping of the G' mode using 633 nm 
laser excitations in Raman spectroscopy (Figure 13-6b). The latter verifies this 
heterojunction proof-of-concept based on an N content of 0.002 at.%. Compared to 
techniques where buried gates are utilized to impose fields on individual SWNT, this is 
more attractive due to (i) a field localized to an interface that can be controlled to a sub-
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50 nm scale, and (ii) the self-assembled and superaligned SWNT structure on which this 
field can be "built-in" during growth based on N-doping. 
Shown in Figure 13-6c is a band diagram depicting the effect of a self-assembled 
molecular heterojunction array. It should be noted that this is illustrated for 
semiconducting SWNT, even though there are also metallic SWNT present in the arrays 
as well. Since the SWNTs are continuous from one side to the next, the Fermi level is 
aligned at the heteroj unction interface, creating a tunable band bending site based on 
band structure changes from doping. As we show here (and in Fig. 13-5b), N-doping of 
SWNTs can be controlled over a wide range of N-concentrations, allowing one to unique 
control the band bending (or AEc in Fig. 13-6c) based on N concentration. It is unclear 
what effect N-doping will have on metallic SWNT, but combined with techniques such as 
hydrogenation (that acts to localize % electrons), this material geometry could permit use 
in a variety of optical or photovoltaic devices. 
Therefore, the ability to grow these self-assembled heterostructures and transfer 
them to large areas opens up new purely "bottom-up" opportunities for SWNT or 
SWNNT based applications. Such materials could provide tunable and efficient 
nanomaterial alternatives for conventional materials in a variety of important 
applications. 
13.6 Conclusions 
We demonstrate the supergrowth of nitrogen doped SWNTs (SWNNTs) with a 
controllable and characterizable level of nitrogen incorporated into the carbon lattice. 
We demonstrate that the active species for SWNNT supergrowth is HCN, in analogy to 
triple-bonded C2H2-like species for supergrowth. We further demonstrate 
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characterization of SWNNTs via Raman spectroscopy that is sensitive to micropercent 
levels of N doping, and we demonstrate the sensitivity of the optical transitions in 
semiconducting SWNT to N-doping. Finally, we demonstrate the simple concept of 
using this controllable, gas-phase doping technique to make molecular heterojunctions of 
SWNNTs and SWNTs. This work represents a new bottom-up approach to form tunable 
nanostructured device components, and the fundamental aspects of growth that 
compliment this effort. 
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Chapter 14: Low Dimensional and Highly Anisotropic 
Electronic Hopping Transport in Ultra-long Aligned Carbon 
Nanotube Films 
14.1 Introduction 
A single-walled carbon nanotube (SWNT) is a one-dimensional (1-D) molecule 
where weak phonon scattering of conduction electrons leads to ballistic electronic 
transport.37' 332 This concept has inspired many new applications geared toward 
exploitation of the electrical properties of SWNTs, in concert with their thermal and 
mechanical properties. New techniques to form films and fibers of SWNT43'113'237 have 
led toward new multifunctional materials with promise toward replacement of 
i l l 'X'XA 
conventional materials utilized for sensing devices, thin film transistors, and current 
modulated devices,61 among others. However, a major drawback toward the use of 
SWNTs in sensing or opto-electronic device applications is the lack of detailed 
understanding of mechanisms governing electrical transport in SWNT networks. 
This is complicated by the sensitivity of SWNTs to liquid or solvent exposure that can 
result in doping,338 enhanced SWNT bundling by capillary forces during drying,66 or 
modification of SWNT electronic structure through strong surface interaction. In 
addition, common use of solvents, surfactants and/or sonication procedures also result in 
artificial effects that limit quality measurements of SWNT electronic transport properties. 
14.2 Transfer and Measurement Details 
Recently, we developed a technique to transfer pristine, as-grown films of catalyst 
free, ultra-long, highly aligned SWNT to any desired host substrate.113 The transfer 
process utilizes the "Gecko" effect, or strong SWNT side-wall transfer substrate 
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Figure 14-1. (a) SEM top-down image of a film, after transfer. Inset shows the film 
prior to transfer, (b) High-magnification SEM image of typical alignment observed in a 
transferred film. 
interaction versus weak growth substrate interaction following catalyst-SWNT interface 
etching. The result is a prototype as-grown aligned SWNT material allowing straight-
forward investigation of fundamental physical properties of pristine, aligned SWNT. A 
typical transferred film with a close-up of the SWNT alignment is shown in Fig. 14-la 
and lb, respectively. Growth of aligned arrays of vertical lines (inset, Fig. 14-la) having 
widths of 2 urn and spacing of 50 um occurs via hot filament chemical vapor deposition 
at 750°C.75' 143 To form films, ~ 80 urn tall lines are transferred to a host surface 
resulting in a film having ~ 30 urn overlap between adjacent lines. In Fig. 14-1, an as-
grown and transferred film displays a high degree of alignment with no chemically 
modifying processing that can alter SWNT electronic structure. For electrical testing, 
SWNT films were transferred to Kapton HC (stable to 400°C). In-line four point 
contacts were made via Pt wires and Ag paste (ensuring Ohmic behavior), and 
measurements were carried out on a Quantum Design PPMS capable of operating 
between 2-400 K. Contacts were 
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Figure 14-2. Conductivity as a function of temperature (scaled by natural logarithm) for 
aligned SWNT films in cases where the potential difference is applied parallel to SWNT 
alignment both before (a) and after (b) vacuum annealing. Applied fit reflects d = 1 in eq 
[7]. 
carefully placed under an optical microscope to ensure positioning parallel to, or normal 
to, the SWNT alignment direction. 
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14.3 Low-Dimensional Electronic Hopping 
Experimental results shown in Figs. 14-2,3 suggest that variable range hopping 
(VRH)339"341 is the dominant transport mechanism in these thin SWNT films. The theory 
of Mott's VRH340 describes conduction in a disordered system via phonon-assisted 
electron hopping across states with localized electronic wavefunctions. VRH optimizes 
conductance arising as a competition between spatial overlap ( e~2Rli ) and energy 
activation (e~ElksT), leading to conductivity, a, generally expressed as: 
(7 = <T0 exp 
(T \ 
W ) 
d+l 
[7] 
where d is the dimensionality of hopping, To is a constant depending on both localization 
length, £ and density of states at the Fermi energy, N(£>), and GQ can be treated as a 
temperature independent constant. VRH has been an effective tool in characterizing 
transport in a broad range of materials, including low-dimensional systems composed of 
1-D conductors such as doped polymer chains. ' VRH likely gives the best 
representation of electronic transport in thin SWNT films based upon (i) a mixed 
SC/metallic SWNT population, and (ii) charge localization induced from the presence of 
inter-SWNT contacts in the film. 
Two cases are considered in this study, (i) electronic transport parallel to the 
SWNT alignment (Fig. 14-2, I||L), and (ii) electronic transport normal to the direction of 
SWNT alignment (Fig. 14-3, I±L). To quantitatively assess the conductivity, film 
thickness is normalized to a fully dense SWNT crystal based on known carbon density 
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Figure 14-3. Conductivity as a function of temperature (scaled by natural logarithm) for 
aligned SWNT films in cases where the potential difference is applied normal to SWNT 
alignment both before (a) and after (b) vacuum annealing. Applied fit reflects d = 3 in eq 
[7]. 
(~60 mg/cm ) and SWNT diameter distribution (peaked at 3 nm) from experiments. In 
both Fig. 14-2 and Fig. 14-3, the first case (before anneal) involves post-growth air 
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exposure ~ 4 days while covered in a clean fume hood. In the second case (after anneal), 
the sample is slowly warmed to 400 K under vacuum (10"3 Torr) and maintained for 60 
minutes prior to measuring o(T). The best fits to the data shown in Fig. 14-2 and Fig. 14-
3 reflect fits consistent with eq. [7], with d=\ for data in Fig. 2 and d=3 for data in Fig. 
14-3. In each case, the fit to VRH is quite good, especially at temperatures below 225 K 
(R2 > 0.999, N>10). Calculated residuals also support the fits applied at low 
temperatures for each film. For I||L (Fig 14-2), d=\ in eq. [7] yields the best fit to the 
data, emphasizing the signature of quasi 1-D electronic transport. Prior to annealing, two 
linear fits to the data shown in Fig. 14-2(a) can accurately represent the conductivity in a 
temperature range of 2-265 K. Above 265 K, the further increase in conductivity with 
temperature can not be fit to any known electronic transport model, and could represent 
the onset of thermal activation of carrier electrons in SC SWNT with diameters > 3-4 
nm.342 Upon annealing the sample (Fig 14-2b), the conductivity decreases significantly 
and the slope and intercept of the linear fit change, but the 1 -D VRH behavior remains 
the same. It should be noted that d in Mott's VRH model arises from the density of states 
unique to confinement in a 1-D, 2-D, or 3-D system, meaning the 1-D electronic structure 
of the SWNT strongly affects low-temperature electronic transport with I||L. However, 
when I±L (Fig. 14-3) d=3 yields the best fit, consistent with VRH through a disordered 
bulk system, as shown in Figs. 3(a)-(b). Similarly, two linear regions can be identified in 
the fit below temperatures of 270 K, but the change in slope with I.LL is not as apparent 
as in I||L. Although the region between the two linear fits begins at slightly different 
temperatures in each case, the temperature range is near energies yielding thermal 
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activation of carrier electrons in a small band gap semi-conducting SWNT population 
having diameters greater than HiPCo.343 Again, annealing the film (Fig. 14-3b) does not 
change the VRH transport mechanism, but only the slope and intercept of the VRH fit. 
Quantitatively comparing the conductivity (a, normalized to the density of a 3 nm 
SWNT crystal: 0.82 g/cm ) at room temperature yields apar = 0.61 Sm /g and aperp = 3.5 x 
10"3 Sm /g, which can be compared to bulk Cu, with acu = 6.7 Sm2/g. Most apparent 
from this calculation is the very anisotropic nature of apar and aperp, with aPar/o-perp -175 . 
Polarized Raman spectroscopy of these films indicate Gparaiiei/Gperp ratio253 (the ratio of 
the G-peak in Raman spectroscopy between E||L and E±L) of ~5 at excitation energy of 
~ 1.58 eV, whereas initial results from polarized terahertz absorption studies indicate 
nearly "perfect" alignment. Therefore, the film can be viewed as "perfectly" aligned at 
long characteristic length scales, with microscopic misalignment less important since the 
length scale over which misalignment occurs (Lmis) is substantially less than the length of 
the SWNT (LSWNT) in the film. This leads to highly anisotropic transport with a 
relatively temperature independent ratio of apar/aperp (before and after anneal) until low 
temperatures (< 50 K).20 This is a major difference compared to aligned HiPCO films, 
where LSWNT ~ Lmis, resulting in a Gpar/Gperp ratio correlating with the observed 
anisotropy in conductivity.307 
14.4 Closing Remarks 
In closing, we observe substantial anisotropic conduction in pristine, aligned 
SWNT films due to the evolution from a 3-D bulk electron hopping mechanism to a 
hopping mechanism inherent to a 1 -D conducting molecule. This has direct implications 
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on the importance of S WNT length and alignment in the design of applications exploiting 
SWNT electrical properties. 
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Chapter 15: Carbon Nanotube Junctions Limit Electronic 
Transport in Macroscopic Nanotube Assemblies 
15.1 Introduction 
Nearly two decades after the exciting predictions of single-molecule single-walled 
carbon nanotube (SWNT) electronic transport properties, intense engineering routes to 
making films and fibers of carbon nanotubes have produced materials having transport 
characteristics far inferior to their molecular constituents. Although single SWNTs 
possess incredible electrical properties, including current capacity 1000 times greater 
than copper and conductivity greater than the best metals, the best aggressively acid-
doped and aligned macroscopic SWNT materials fall largely short (even by weight) of 
this,181'237 and films made of metallic-enriched or mixed SWNT show little enhancement 
to conductivity compared to mixed semiconductor/metallic films. ' 5' 5' 
This raises the key question of why electrical properties of SWNT materials are so poor 
compared to that of individual SWNTs. 
Recently, studies of conductivity in SWNT and MWNT films and fibers have 
identified variable range electronic hopping, or similar temperature-activated transport 
mechanisms to dominate electrical transport in SWNT films.180'307'346"349 Our past work 
has emphasized the evolution from strong carrier localization (3-D hopping) to weak 
carrier localization (1-D hopping) in transport across ultra-long aligned SWNT that are 
•I O A 
either misaligned, or highly aligned respectively. In addition, pioneering work by 
Nirmalraj et al.350 has utilized conductive AFM to demonstrate strong sensitivity of 
junction resistance to air exposure and acid exposure compared to small or no changes in 
SWNT resistance with these treatments. This opens new insights to limitations in SWNT 
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Figure 15-1. SEM of alignment in contact transferred films made from (a) long (~5 um) 
SWNT carpets and (b) ultra-long (80 um) SWNT lines. Inset in (a) is a high resolution 
SEM images of bundle structure in the film. 
film transport, and emphasizes a key concept for the design of SWNT-based scaffolds for 
high performance conductive materials. Here we present results emphasizing a similar 
picture, except for macroscopic aligned SWNT films. 
15.2 Experimental Details 
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SWNT films were grown via a modified supergrowth process, ' and 
transferred to host surfaces utilizing dry contact transfer techniques described in detail 
elsewhere.50,113 Two types of films were prepared: (i) films with ultra-long SWNTs (~ 
80 urn) grown in patterns of narrow lines (2 um) and transferred to form overlapping 
lines of ultralong SWNT,50 and (ii) films with long SWNT (~5 um) grown in carpet 
1 1 "5 
morphology and transferred to form aligned films with ~ 55% transparency at 550 nm. 
Room temperature conductivity anisotropy ratios were -180 (i) and ~ 5 (ii): different due 
to the significantly longer tubes and higher degree of alignment in case (i). Shown in 
Figure 15-1 is polarized Raman spectroscopy characterization of the two different films, 
with scanning electron microscope images depicting SWNT alignment in the film inset. 
In both cases, the films have anisotropic G-band ratios of- 4. As noted elsewhere, this is 
only a probe of the presence of alignment at sub-micron length scales, and yields more 
accurate results for the short SWNT films compared to the longer SWNT films. 
15.3 SWNT Film Conductivity Measurements 
In order to characterize electronic transport, we transferred films ( - 1 x 5 mm) 
onto an insulating high temperature kapton or quartz substrate and placed four in-line 
contacts with Ag paint and Pt wires in geometries both parallel and normal to the SWNT 
alignment direction. We then measured temperature and frequency dependent transport 
using a Quantum design PPMS system between 2-400 K and 1-1000 Hz. As shown in 
Figure 15-2a and 2b, the transport is representative of variable range hopping (VRH) 
transport (as found previously), but is also uniquely sensitive to air exposure. Room 
temperature conductivity anisotropy is - 180 in Fig. 15-2a, and ~ 5 in Fig. 15-2b. 
Interestingly, for both films, we find that similar air exposure prior to measurement, 
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Figure 15-2. DC Conductivity as a function of temperature for (a) SWNT films with 
electrodes placed such that current flow is parallel to alignment, and (b) SWNT films 
with current flow normal to alignment, (c) Resistivity as a function of temperature 
showing an apparent conductivity transition based on desorption of physisorbed gas 
species from air. 
followed by annealing at 400 K yields a similar ~ lOx increase in film resistivity. 
Analysis of data from Fig. 15-2b (supporting info) emphasizes a 3-D, or strongly 
localized VRH transport mechanism, consistent with the idea that the electrode spacing 
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(~ 1 nun) is much greater than the SWNT length (~ 5 um). Since these films are 
transferred as-grown, with only a few days of ambient air exposure, the ~ lOx increase in 
resistivity upon annealing is curious. To analyze this, we studied the resistivity while 
heating to 400 K, further annealing at 400 K for 2 hours, and then cooling the sample 
(Figure 15-2c). Interestingly, the classic signature of a metal-insulator (MI) transition 
occurs near room temperature, but with no reversibility or hysteretic effect upon cooling. 
MI transitions have been observed for acid-doped films of smaller diameter SWNTs,349 
but in our case the lack of reversibility upon cooling emphasizes that this is not purely a 
localized-delocalized transition. Furthermore, film resistivity after heating from 300-400 
K (~ 1 hour) versus additional heating at 400 K (2 hours) is not significantly different. 
From this data, we expect this behavior to be representative of physisorption of gas 
species (air) on the SWNTs, and subsequent desorption upon heating. As the SWNT 
films prepared in our study are pristine and as-grown, such a strong influence of 
physisorbed air (that can be desorbed by heating to 100°C) is surprising. 
To further understand this, we studied low-temperature, low-frequency AC 
transport. At room temperature and in highly conductive wet-processed SWNT films, 
frequencies where ac conductivity deviates from dc conductivity are high (MHz 
range).351 However, as the temperature is lowered, the phonon population rapidly 
diminishes, making electron hopping more accessible to study at low temperatures. 
We therefore compare the AC conductivity of a film, with electrodes placed normal to 
SWNT alignment, before and after annealing the sample (Figure 15-3a, 15-3b). The dc 
conductivity in hopping transport can be expressed as: 
_n(eR)27 
* * " 6kRT [ 8 ] 
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Figure 15-3. (a)-(b) Ratio of low-frequency AC conductivity to DC conductivity (a0) at 
50 K for both air-exposed and annealed films, (c) Linear dichroism during in-situ heating 
after 6 day air exposure, with En semiconducting SWNT and terahertz absorption 
features noted, (d) Simple scheme of the general picture that emerges, emphasizing how 
physisorbed species influence transport across SWNT junctions. Ea corresponds to 
activation energy for electron hopping, and y\ and yi correspond to r"1 (eqn. 8). 
where n is the carrier concentration, and y is the minimum hopping rate. Comparing the 
ratio of <jdc,air and adc>armeaied yields the ratio nairyair/nan„eaiedyanneaied, from eqn. [8]. 
Therefore, the decreased conductivity upon annealing is related to either a change in 
carrier concentration, or a change in the hopping rate independent of carrier density. 
As shown in Fig. 15-3a, 3b, and Figure 15-4, the ac conductivity appears strongly 
correlated to the dc conductivity, allowing data analysis within the framework of a 
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universal model for ac conductivity in disordered transport systems described by Scher 
and Dyre.354'355 With this model, we can represent the real part of the ac conductivity 
as:354 
G)rarctan(o)T) Re(cjac) = adc-l— —^ , [9] 
(ln(l + (cor f j J + [arctan(«r )]2 
where co is the frequency and r is related to the minimum hopping rate, y, by y'x = x. In 
order to quantitatively analyze the change in hopping frequency between the air-exposed 
and annealed films, we fit the right-side argument of eqn. [9] to extract the best value for 
T (supporting info.356) Here, rau- = 4.2X10"4 s (y ~ 2400 s"1), and r^eaied = lxlO"2 s (y = 
100 s"1). The temperature of 50 K was chosen since we found y for both the annealed and 
air-exposed films can be accurately fit from this data. This means that yair/yannealed ~ 24, 
and comparing this to the ratio of aair/aanneaied ~ 27 (supporting info.) emphasizes good 
agreement. In order to verify that nair/nanneaied (eqn. 7) is much smaller than aair/o'annealed, 
we exposed films to air for two-times the length of time of previous samples, and studied 
their polarized infrared (IR) optical signatures while heating in-situ. If chemical doping 
is playing a key role to enhance carrier concentration, lowering (or increasing, 
respectively) the intrinsic Fermi level will influence both the En semiconducting SWNT 
optical transition as well as the broad terahertz absorption band. ' As shown in 
Figure 15-3c, both features remain invariant with increasing temperature - contrary to 
that expected for doping or enhancing carrier concentration in SWNT. We therefore 
emphasize that the primary feature influencing the change in conductivity arising from air 
exposure can only be explained by the influence of physisorbed species from air (H2O, 
O2) upon charge transfer, or tunneling, between SWNTs in the film. The general picture 
of this is illustrated in Figure 15-3d. This is consistent with conductive AFM results350 
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Figure 15-4. (a)-(b) Low-frequency AC conductivity data fit to model in eq. [8] for AC 
data taken at 50 K before (a) and after (b) annealing at 400 K for 1 hour, (c)-(d) 
Temperature dependence of conductivity of long SWNTs in films, showing the 
anisotropy in the 3-D hopping conduction mechanism both before (c) and after (d) 
annealing at 400 K for 1 hour. 
and controlled studies on separated SWNTs, ' both of which emphasize junction 
resistances, and not doping (even upon acid exposure), influences transport in multi-
SWNT assemblies. 
The exact mechanism of the H2O or O2 species remains unclear and a subject for 
future experiments to determine. We speculate that H2O monolayers could serve as a 
polarizable dielectric layer, influencing field drops at SWNT tunneling junctions. 
Additionally, F^O-induced trap states could play a role to influence charge transfer at 
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SWNT-SWNT junctions. In any case, it is clear that the rational design of conductive 
thin films of SWNT will require one to either utilize clean ultra-long carbon nanotubes,273 
or else provide a solution for efficient charge transfer between discrete SWNTs. One 
such route in the latter case (of many) may include experimental design of aligned and 
purely armchair SWNT scaffolds that act to facilitate loss-free wavefunction transfer at 
SWNT contacts. Nonetheless, this work elucidates a problem that must be solved in 
order for carbon nanotube-based materials to be competitive enough with conventional 
materials to motivate their replacement. 
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Chapter 16: Solid-State Supercapacitors Fabricated From 
Vertically Aligned Carbon Nanotube Array Templates 
16.1 Introduction 
The demand for energy storage and energy production is growing in parallel to a 
global population increase and successive rapid industrialization. This represents a 
mounting crisis for decades to come, motivating the implementation of nanomaterials 
into energy-related applications to facilitate enhanced device performance. Particularly 
for energy storage, batteries, fuel cells, and supercapacitor technologies are being adapted 
and optimized with nanostructured components. ' ' " Battery technology currently 
remains the most widespread and commonly utilized energy storage medium due to 
compact design and power output suitable for most applications. However, batteries are 
limited by a short shelf-life and a moderate power density - making battery design for the 
expanding market of high power applications a challenge. Alternatively, supercapacitors 
show promise for higher power densities and enhanced shelf life compared to batteries. 
Supercapacitors commonly denote an electric double-layer capacitor (EDLC) design 
where an electrolyte is sandwiched into a high surface-area electrode material to form a 
double-layer on the surface when a charge is applied. ' " Recent studies have 
shown that carbon nanotubes or high surface-area carbons are excellent electrodes for 
EDLCs, as they provide an optimal surface area on which a double-layer can form. 
Nonetheless, electrolytes used in EDLCs render the capacitor incapable of operating in 
extreme conditions (such as low or high temperatures ), and makes the device 
incompatible with lightweight or flexible designs desirable for modern applications. 
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To combat this, we demonstrate a solid-state supercapacitor design with the 
potential to achieve record energy and power densities compared to EDLC devices, with 
no electrolyte. The concept of solid-state capacitor devices has been envisioned 
recently,364-367 but we utilize vertically aligned single-walled carbon nanotube (SWNT) 
templates synthesized via water-assisted chemical vapor deposition (CVD) that are 
expected to provide the ideal conversion of surface area to space for energy storage. This 
is due to a ~ 7 % dense structure ' of SWNTs in bundles of nanotubes having 
metallic character and average bundle diameters of- 15-30 nm. This creates a material 
architecture with an optimal surface area available for dielectric and counterelectrode 
coating, forming a parallel array of discrete nanocapacitors, and hence a supercapacitor 
device. In addition, (/) the use of a primary electrode composed of ultra-long SWNT 
makes this device attractive for applications requiring a high power density upon 
discharge ; (ii) the use of a solid-state dielectric layer enables enhanced operating 
voltages and energy densities, and (Hi) the parallel nanocapacitor network makes such 
devices feasible for flexible device integration. These are all unique advantages of this 
solid-state design, and represent our motivation in pursuing such device architectures. 
16.2 Experimental Method 
a. Vertically aligned SWNT growth and post-growth treatment 
Vertically aligned SWNT growth was achieved using a water-assisted, low 
pressure (1.4 Torr) synthesis technique described in detail elsewhere. ' Synthesis 
temperatures of 750°C, catalyst layers composed of 0.5 nm Fe/10 nm AbC^/SiC^, and 
rapid reduction with atomic hydrogen are all key ingredients to the effective growth of 
aligned SWNT arrays. 
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Following growth, the aligned SWNT are transferred to Cu substrates by utilizing 
a thin Au layer deposited on both the Cu substrate and the SWNT array, and sintering 
these layers together under vacuum at 700°C. In order to H2SO4 dope the devices, the 
transferred SWNT array is placed in a glass Petri dish next to a watchglass filled with 
fuming H2SO4 and covered overnight in a fume hood. In this way, H2SO4 vapors 
penetrate and dope the SWNT array without resulting in capillary-induced rearrangement 
of the SWNT array often observed after liquid exposure. 
b. Super capacitor fabrication from atomic layer deposition 
In order to form the nanocapacitor arrays, metal-oxide atomic layer deposition 
(ALD) was utilized to coat a dielectric and conductive counterelectrode on the sidewalls 
of the SWNT in bundles to form a coaxial nanocapacitor having both a thin dielectric and 
conductive layer coating. This was achieved by using alternating exposure to NO2 gas 
with exposure to trimethylaluminum vapor (TMA) to first functionalize SWNT bundles 
and then coat them. ' A conformal coating of alumina, the dielectric layer for the 
nanocapacitor devices, is deposited on the outside of the SWNT bundles by ALD at 
250°C. In order to make TMA and H2O vapor effectively diffuse into the SWNT arrays, 
large exposures of 20 Torr-sec for TMA and 39 Torr-sec for H2O are used for each ALD 
cycle. Following this, the dielectric coated SWNT bundles are further conformally 
coated with 20 nm Al-doped ZnO using alternating layers of AI2O3 (1 cycle of TMA 
vapor and H2O vapor) and ZnO (24 cycles of diethylzinc (DEZ) vapor and H2O vapor). 
Large exposures of 38 Torr-sec for DEZ, 20 Torr-sec for TMA and 39 Torr-sec for H2O 
are used for every ALD cycle. The Al-doped ZnO layer forms a conductive 
counterelectrode for the device, with a measured resistivity of 3.6 x 10"3 Q cm. It should 
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be noted that for successful device performance, a brief O-plasma treatment was applied 
between the dielectric and counterelectrode coating. The purpose of this is to selectively 
etch all SWNT bundle segments that exhibit coating defects (uncoated) that leave them 
exposed to the conductive Al-ZnO layer to short the device. This was found effective in 
most cases to transform the device response from that of a resistor to that of a filter. 
c. Impedance analysis 
Impedance analysis was carried out on a Quadtech 7000 series LCR meter 
capable of operation between 20 Hz and 1 MHz. For each point shown in Fig. 16-3, at 
least 3 points are recorded with the maximum possible averaging cycles allowed by the 
LCR meter, yielding standard deviations in measurements smaller than the size of the 
points in nearly all cases, and hence not included in Fig. 16-3. Detailed discussion of 
analysis of impedance data via equivalent circuit models is described at length later in 
this thesis. 
d. Estimation of SWNT bundle occupancy 
In order to best represent the experimentally measured device with calculations, 
the measured SWNT carbon density (~ 50 mg/cm3) was utilized in order to calculate the 
packing of uniformly spaced bundles that are either - 1 6 nm or ~ 20 nm in diameter. 
Based on bundle-bundle spacing, a volumetric filling factor was devised to take into 
account the amount of free space in the array, after ALD coating. It should be noted that 
'in A 
this estimate could be a significant source of error, as experimental measurements have 
determined the SWNT array bundle structure to be composed of many rigid and straying 
small bundles. The presence of small bundles in the array infers a greater value expected 
for the experimentally measured capacitance (see SI), which is precisely the result 
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Figure 16-1 (a) Scheme of concept for SWNT supercapacitor devices. At the bottom of 
the scheme, a diagram of the coaxial nature of the nanocapacitors is depicted, (b), (c) 
Bright field TEM images of bundles of SWNT coated with a conformal sheath of 
alumina, and a conformal sheath of alumina and an outer sheath of Al-doped zinc-oxide. 
Due to the conductive nature of the Al-doped ZnO, the coaxial structure can be identified 
and labeled based on the contrast of the layers in the TEM images. Note: scale bar = 30 
nm. 
observed. In addition, values for specific capacitance and energy density normalized to 
total device weight utilizes bundle densities of- 5 x 1011 bundles (16 nm), and ~ 3 x 10n 
bundles (20 nm), calculated from the SWNT array density. Mass of AI2O3 and Al-doped 
ZnO are calculated assuming coaxial sheaths with densities of (AI2O3) 4 g/cm3 and (Al-
doped ZnO) 4.9 g/cm3. 
16.3 SWNT Supercapacitor Proof-of-Concept 
As depicted in Figure 16-la, supercapacitors are fabricated from vertically 
aligned SWNT arrays^00'om having thicknesses of 20-50 um, transferred to conductive 
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surfaces, ' H2SO4 vapor-doped, and coated using ALD. ' A thin conformal 
coating of AI2O3 (15-40 nm), and subsequent coating of Al-doped ZnO (20 nm) serve as 
the dielectric and counterelectrode material for these devices. This forms a metallic 
SWNT-insulator-metal nanocapacitor architecture producing a solid-state supercapacitor 
device. Bright field transmission electron microscope images (Fig. 16-lb, lc) depict this 
architecture for individual nanocapacitors, with evident differences in contrast between 
the SWNT, alumina, and conductive (darker) Al-doped ZnO conformal layer. In Fig. 16-
lb, a typical SWNT bundle (diameter - 1 5 nm) is conformally coated with a ~ 25 nm 
thick layer of alumina. In Fig. 16-lc, a ~ 20 nm bundle is coated with ~ 45 nm of 
alumina and ~ 20 nm of Al-doped ZnO. In the latter image, the SWNT bundle structure 
is difficult to resolve due to the greater nanocapacitor diameter, but still apparent upon 
close inspection. These images confirm the SWNT-insulator-metal concept of Fig. 16-la 
and provide the basis for device characterization and calculations discussed herein. 
Shown in Fig. 16-2 is a series of scanning electron microscope (SEM) images of 
SWNT nanocapacitor networks at different magnifications. Low magnification SEM 
(Fig. 16-2a,b) confirms the uniform penetration of the ALD coating into the bulk of the 
SWNT array, whereas higher magnification SEM (Fig. 16-2c) confirms the homogeneity 
in nanocapacitor diameter (-120 nm) agreeing well with expected ALD coating 
thickness. Following the ALD coating procedure, the devices are prepared for electrical 
characterization by applying a top electrical contact to the counter-electrode using Ag 
paint (Fig. 16-2d). The Al-ZnO layer on the edges of the Cu chip are dissolved by 
swabbing with 1M HC1 to isolate the conductive counterelectrode from the bottom 
electrical contact to prevent device shorting. 
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Figure 16-2 (a)-(c), SEM images of SWNT bundles coated with alumina and Al-doped 
zinc-oxide at three different (increasing) magnifications, (d), Picture of an as-coated 
device, and a scheme depicting the process by which devices are contacted with 
electrodes for electrical testing. Inset in (d) is a photograph of an as-prepared device. 
The capacitance of these devices is extracted from impedance analysis using a 
standard LCR meter (Fig. 16-3a,b). Two individual approaches were employed for 
measuring device capacitance: (i) measuring the full frequency dependent complex 
impedance and employing circuit theory to construct an equivalent circuit to extract 
capacitance, and (ii) assumption of a simple equivalent circuit and direct calculation of 
the frequency dependent capacitance via the LCR meter. As depicted in Fig. 16-3a, the 
device frequency response of the impedance, |Z|, is representative of a band-pass filter, 
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Figure 16-3 (a),(b) Frequency response of the impedance, Z, and capacitance as 
measured directly from an LCR meter. Note the fit in a. is an equivalent RLC circuit 
model (described in text) that gives the best fit to the experimental data. The capacitance 
in b is shown in both volumetric capacitance (F/cm3) and planar capacitance (F/cm2). 
and can be modeled with an equivalent RLC series circuit having a leakage resistance in 
parallel with the capacitor (solid line, Fig. 16-3a). While this provides an excellent fit to 
Z (C = 13 mF/cm ), no simple lumped element circuit model is found to be capable of 
fitting the full complex valued impedance data (both Z and cp simultaneously). This is 
expected to be related to dispersion effects arising from device geometry and distributed 
capacitance in the supercapacitor, which has been proposed in other solid-state 
364 
supercapacitor systems. However, variations of acceptable equivalent circuit models is 
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found to result in little variation of capacitance, with all fit values between 6-13 mF/cm 
for different analysis techniques. Nonetheless, the circuit model representing the best 
simultaneous fit to Z and <p is a series RC circuit with a parallel leakage resistance 
component, where Ruakage>> Rsertes- This yields C = 6 mF/cm for this device. With this 
circuit model, the frequency dependent device capacitance can be directly calculated 
from the LCR meter for this specific device, as shown in Fig. 16-3b (for both volumetric 
and planar capacitance). At 20 Hz, C = 23 mF/cm and rapidly falls to ~ 6 mF/cm above 
100 Hz. As noted earlier, this behavior is expected to be a result of dispersion in the 
device. Assuming SWNT array density of 50 mg/cm , ' and maximum measured 
operating voltages between 1-3 V (see SI), this yields specific capacitance (Csp) near 0.5 
F/g(carbon), and energy density between 0.05-0.5 Wh/Kg - the latter comparable to 
many CNT-based EDLC devices.361'375"377 On the basis of total weight (A1203, Al-doped 
ZnO included), this yields Csp near 0.1-0.13 F/g, with energy density between 0.01-0.13 
Wh/Kg. For lightweight energy storage, the latter consideration is the most important -
in which these devices are comparable to good EDLC devices, with no specific device 
optimization, with electrolyte weight considered (see SI). 
It should be noted that several devices were measured to have low-frequency 
capacitances between 0.1 - 23 mF/cm , with frequency response similar to Fig. 16-3. 
H2SO4 doping before ALD coating appears a critical factor in achieving the best 
capacitance - expected to result from doping induced carrier-density enhancement in the 
SWNT electrodes. Order-of-magnitude device-to-device variation of capacitance 
measurements is a key indication that engineering approaches to improve device 
architecture and coating process can influence optimal device performance. In this spirit, 
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Figure 16-4 (a) Theoretical estimates of the capacitance values of an ideal experimental 
device with a fixed SWNT bundle diameter (16, 20 nm) and a varying dielectric 
thickness and type (AI2O3, HfC>2, and T1O2, 5-40 nm), (b) energy density, plotted in both 
J/cm and Wh/Kg, based on data presented here and later in this chapter. 
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we performed calculations to predict the volumetric capacitance and energy density (Fig. 
16-4 a,b) for these SWNT supercapacitor architectures (details in SI). For a 15 nm thick 
AI2O3 dielectric layer, the calculated capacitance is ~ 11 mF/cm3, near the value of 23 
mF/cm observed experimentally. This minor discrepancy could be related to variance of 
factors including bundle diameter assumptions, density estimates, doping effects, and 
local coating structure. Using other dielectrics that can be coated with ALD (T1O2 and 
HfC>2 7 ' 38°), significant capacitance enhancements can be obtained versus AI2O3 (Cmax ~ 
25 mF/cm ), with Cmax up to 0.2 F/cm . In addition, by utilizing experimentally 
measured breakdown voltages for ALD coated films of AI2O3 (-0.6 V/nm),381 Ti02 (-0.6 
V/nm), and HfC>2 (-0.9 V/nm), the energy density is calculated in Fig. 16-4b from 
E=\l2CVma^. This is plotted in both J/cm3 and Wh/Kg(carbon)27 to aid interpretation 
based on conventional units. Maximum predicted energy densities with TiC>2 sheaths 
approach 15 Wh/Kg, comparable to most reported EDLC devices (~ 10 Wh/Kg358'361'375" 
, best 70 Wh/Kg ) before consideration of electrolyte weight. Additionally, not only 
does this device architecture support high energy densities, but the highly conductive 
SWNT electrode also supports ultra-high power densities (current densities over 10 
A/cm ) and rapid discharge to yield a device with both high power and energy density. 
Whereas experimental results indicate proof-of-concept device architecture and 
performance, calculations describe the upper limit of experimentally achieved device 
architectures - emphasizing results comparable to the best EDLC devices, and superior to 
these devices on a per weight basis. 
Therefore, we envision this concept to leading to a new superior class of 
materials that provide robust solutions for energy storage, but especially optimized for 
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use in extreme conditions, or in lightweight applications (fabrics, aerospace, 
microelectronics applications). We further envision routes combining this device 
architecture with recently developed printing methods22 to support ultra-lightweight 
energy storage and small footprint power conditioning that can be assembled directly 
onto microchips or flexible device platforms. 
16.4 Device Modeling and Breakdown Voltage Testing 
A. Device Modeling 
For a simple, classical coaxial capacitor with length /, and radii rj and rj, the 
electrostatic capacitance of the structure can be expressed as: 
C 2KS 
1
 In K 
[10] 
For capacitors where CNTs act as one of the electrodes, the device behavior is 
complicated by the effects of quantum capacitance which arises from the quantization of 
the electron wavefunction within the nanoscopic nanotube structure. For simple SWNT 
coaxial capacitors, with a uniform dielectric layer and classical metal counterelectrode, 
the capacitance of the structure is determined by the simple series addition of the 
electrostatic capacitance (eq. 10) and quantum capacitance terms.384 In this way, the 
capacitance of a SWNT coaxial capacitor can be understood as an equivalent circuit 
network consisting of the quantum capacitance of the SWNT in series with the 
electrostatic capacitance of the coaxial arrangement of the metal electrode and the SWNT. 
This representation is shown in Fig. 16-5. 
This network representation can be extended to more complex nanotube capacitor 
architectures as well. For MWNT, these can be simply considered as nested coaxial 
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Figure 16-5. Illustration of a SWNT, separated from a metal counter-electrode with a 
thin dielectric layer (light blue), and the equivalent circuit representing the total 
capacitance of this device architecture. 
capacitors with each shell having an intrinsic internal quantum capacitance and 
electrostatically coupled to its two nearest neighbors to form an effective capacitor 
network circuit which can be analyzed and understood from classical circuit theory. For 
capacitors formed around a SWNT bundle the situation is complicated by the loss of 
cylindrical symmetry. However, we can approximate the bundle as a series of concentric 
rings of SWNT and then can construct and evaluate an equivalent network circuit where 
each concentric ring is treated as a separate network element as illustrated in Fig. 16-6. 
While bundle geometries will not generally be truly concentric cylindrical, deviations 
from cylindrical symmetry lead to relatively minor changes in capacitance for coaxial 
I O C 
systems. It is noteworthy that this network circuit model differs from the simple 
approximation of summing all quantum capacitance terms in a structure directly386 can 
more accurately encompass the behavior of these capacitive nanotube architectures. 
The quantum capacitance assumed for these calculations is that of undoped, 
metallic SWNT at low temperature which have a constant quantum capacitance value of 
CQ=3.88E"10 F/m.387 It should be noted that the experimental SWNT capacitor studied 
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Figure 16-6. (upper panel) Diagram depicting the geometrical estimate of SWNT bundle 
arrangement to facilitate capacitance calculations, (lower panel) Diagram of the 
equivalent circuit representation of the total capacitance of this structure. Note that the 
equivalent circuit model can be simply thought of the classical electrostatic capacitance 
(eq. 1) in series with a network capacitance that involves the quantum capacitance 
contribution of each layer and the capacitive coupling between subsequent layers. 
here involves mixed semiconducting and metallic chiralities which are doped with H2SO4 
prior to ALD coating. This means that, even though the quantum capacitance for 
undoped, semiconducting SWNT has a value CQ=0 (because the density of states at the 
intrinsic Fermi energy is zero), the process of acid doping the SWNT can create a finite 
quantum capacitance for the semiconducting SWNT. This is expected to bring the 
performance of the experimental system closer to the modeling results (qualitatively at 
least). 
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Finally, in order to best represent the experimental system, SWNT diameters of 2 
nm are utilized for calculation. This is expected to be similar to the average majority 
species of SWNT present in the water-assisted growth technique based on the dispersity 
of catalyst particle diameters. Nonetheless, it is important to note that calculations 
involving large diameter SWNTs results in lower capacitance values than the small 
diameter SWNTs produced in techniques such as HiPCO and CoMoCat. This is related 
to the fact that the modeling process discussed here results in the surface layer of SWNT 
primarily contributing to the bundle capacitance, and smaller diameter SWNT simply 
give a greater packing fraction at the interface with the dielectric material. Although this 
T O O 
is a topical treatment of these calculations, more details are available elsewhere. 
Though we have calculated properties based upon SWNT with 2 nm diameters to 
reflect the parameters of the carpets used in this study, carbon nanotubes can span a broad 
range of diameters, number of walls, and other physical attributes, and it is of great 
importance to consider what combination of parameters would optimize these structures 
for device applications. In general, the smaller the diameter of conducting SWNTs in the 
bundle, the greater the capacitance. This simply correlates to the concept that higher 
SWNT density in the bundle leads to more nanotubes contributing to the quantum 
capacitance term. As an example, for a ~ 1 nm SWNT bundle of similar bundle diameter 
as in Fig. 16-4, the calculated capacitance values are ~ 1 order of magnitude greater than 
that for 2 nm SWNTs. This means that the outlook for maximum predicted energy 
densities for SWNT structures is greater than 10 times the value presented in Fig. 16-4, 
which means values approaching 150 Wh/Kg, or approaching 30 J/cm . Further 
optimizing the bundle diameters and packing is expected to yield energy densities another 
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factor o f - 5-10 higher, or better than 1 KWh/Kg. Achieving such small diameter 
SWNTs and engineered structures of self-assembled arrays of SWNTs is also 
conceivable, as this represents a significant ongoing effort for vertical array growth, and 
such small diameter SWNT are consistently produced in bulk processes such as HiPCO 
or CoMoCat synthesis. For MWNTs in bundles, it is important to note that inner shells 
are increasingly screened by the outer shells so that the MWNT based electrodes have 
significantly less capacitance per area than SWNT based electrodes. Therefore, we 
envision that small diameter SWNTs in such capacitor architectures can lead to 
supercapacitor device performance that is beyond that either predicted or achieved for 
any other capacitor device architecture, and will most certainly be a key advance in the 
race toward energy storage solutions in the next century. 
B. Experimental Capacitance Analysis 
As noted previously, the measurement of these devices was accomplished by 
measuring the complex valued impedance over a range of frequencies. In order to 
understand the capacitance data measured for these structures, it is important to 
determine a suitable equivalent circuit model representation. The actual measurement of 
the capacitance in these devices is complicated by distributed nature of the capacitance 
along the length of the nanotube. This geometry creates an extended network 
architecture that leads to dispersion effects which change the response of the extended 
network circuits versus collections of simple lumped element circuits. 
The simplest model for a physical capacitor is a series RC circuit. In this model, 
the resistor component represents the resistances in the contacts and electrodes and the 
capacitor directly represents the capacitance from the nanocapacitor arrays. In this 
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Figure 16-7. Frequency dependence of Z and -tan(^), in accordance with the simple 
series RC circuit analysis discussed in reference to eq. 11. Shown in (a) is a plot 
designed to fit the corner frequency, and (b) a linear fit from whose slope is the constant 
2nRC. 
simple high-pass circuit model, the circuit analysis is comparatively simple and 
straightforward relations for the impedance and phase angle can be utilized to estimate 
the capacitance: 
1 
fc = InRC , and -tanfa) = 2jrfRC [11] 
The capacitance of such a high-pass filter can be determined from the Bode plot corner 
frequency (fc), as well as from the slope of the tangent of the phase angle (<p). For true 
high-pass filter devices, the independent solution of the two equations in [11] should 
yield the same result for the capacitance, within acceptable fitting error. Experimental 
results fitted using this simple analysis technique are shown in Fig. 16-7. From the 
corner frequency data, the capacitance value obtained is C ~ 12 mF/cm ± 2 mF/cm , 
whereas from (p, the capacitance value obtained is C ~ 8 mF/cm ± 0.5 mF/cm . 
Although these results do not match perfectly, they are close and are similar to results 
obtained using other circuit models (Fig. 16-3a). 
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Figure 16-8. Equivalent circuit representations for supercapacitor devices as dicussed in 
the text. Typically, Rs « Rp appears to yield the best fit to Im(Z) and Re(Z) data. 
As the frequency is increased beyond 30 KHz, the curve in Fig. 16-7 (b) is no 
longer linear, and there is a marked increase in |Z|. This behavior shows characteristics 
of a band-pass filter, and requires more complex circuit models in order to accurately 
account for deviations to the simple high-pass filter based on the presence of other 
necessary circuit components. Qualitatively the observations of the band-pass behavior 
as well as a non-negligible leakage current atf=0 can be represented as a simple circuit of 
the type shown in Fig. 16-8. To quantitatively analyze the our data using this circuit 
model it is convenient to represent the data as real and imaginary components of the 
complex impedance to simultaneously minimize the error in both components of the full 
complex valued impedance for this circuit model. The best fit parameters found to 
simultaneously fit the real and imaginary data the for this circuit model were (i) Rs= 1.8 
Q, Rp = 2.6 Q, C = 5 //F, L = 2.25 //H, and (ii) Rs = 0.001, Rp = 4.37, C = 2.15 //F, and L 
= 0. Although the general fit is excellent at low frequencies, the Im(Z) component 
deviates qualitatively at high frequencies. Nonetheless, this yields the best fit to the 
complex valued Z, which (as noted in the manuscript) yields a capacitance of ~ 6 mF/cm3 
R* 
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Figure 16-9. Imaginary and real components of the complex valued impedance (Re(Z) 
and Im(Z), respectively), with an equivalent circuit model fit corresponding to that 
illustrated in Figure 16-8. Note the reasonable agreement of Re(Z) data, but the 
qualitative and quantitative deviation of Im(Z) in the frequency range where dispersion-
related effects are expected to influence device response. 
- not significantly different than that discussed previously using much more elementary 
fitting routines. It is interesting that the inductance is negligible despite the clear 
qualitative inductive behavior observed; including larger inductance values within the 
circuit can provide an excellent fit to the Re(Z) data but poorly represents the Im(Z) data. 
However, this may be due to the small number of points taken at frequencies higher than 
the band-pass center. It is noteworthy that, though parameters could be found to provide 
relatively good fits the real or the imaginary data separately, no set of values was found 
which could simultaneously represent both the Z and q> frequency dependence. The 
parallel resistance component corresponds to a leakage resistance, and likely represents a 
low abundance of ALD coating imperfections that allow some of the charge to leak from 
the SWNT electrode to the counter-electrode. Although this component limits long-term 
usage of the studied devices, this feature can be eliminated by further work designed to 
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optimize the design and fabrication process for these devices, which is secondary to the 
simple proof-of-concept design principle that we present here. 
The origin of the inductance feature apparent in these devices at high frequencies 
is not completely understood. Possible candidates for the origin of this effect include the 
so-called "kinetic inductance" characteristic of SWNT nanostructures, dispersion effects, 
active device behavior caused by non-linearities in the capacitance due to electrostatic 
doping, or some combination of these. 
It is important to make a general note that dispersion in the device can play a key 
role in complicating the process of equivalent circuit representation. As shown in Fig. 
16-3, the apparent capacitance, as measured from the LCR meter, quickly falls by a factor 
of ~ 4 within a few hundred Hz. This general behavior is characteristic of dispersion in a 
device, and is uniquely similar to the qualitative behavior of similar device architectures 
using anodic aluminum oxide templates for solid-state capacitors as reported by Banerjee 
et al.364 However, it is useful to note that LCR box measurement of capacitance (using 
the equivalent circuit representation of Fig. 16-8) over the range of 500 Hz - 10 kHz 
yields identical values compared to the capacitance extracted from the simple series RC 
circuit model using the frequency dependence of the complex valued Z over the same 
frequency range, where both the Im(Z) and Re(Z) data are well-fit. At higher frequencies, 
the capacitance appears to further decrease - in the same range of frequencies where the 
Im(Z) data deviates from the simple equivalent circuit representation. Therefore, we can 
conclude that (/) the equivalent circuit model representation is sound, and that (ii) the 
high frequency deviation of Im(Z) from the equivalent circuit representation is likely 
related to dispersion in conjunction and/or non-classical effects. Therefore, this section 
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aims to highlight two extremely important features of this work: (/) the capacitance 
measurement of such a complex device architecture is not trivial, and in order to achieve 
significant accuracy in fitting the device response, dispersion and a frequency dependent 
network capacitance must be assumed and accounted for, and (//) simple low-pass 
equivalent circuit models appear to be reasonable to analyze the low-frequency 
capacitance without significant loss of accuracy in the values obtained. As a note to (ii), 
it appears the case that any equivalent circuit model representation that provides even a 
moderate fit to data taken over a frequency range not significantly influenced by 
dispersion effects gives a capacitance value within a window that does not exceed a 
factor of 2 in the measured capacitance. 
C. Dielectric breakdown voltage 
The breakdown characteristics of ALD-coated thin films of dielectric material 
have been well-documented in the literature and provide a foundation for calculation of 
the expected breakdown voltage in these devices. Experimental measurements have 
determined that the dielectric strength of ALD coated alumina to be ~ 0.06 V/A,381 and 
similarly 0.06 V/A for titania382 and 0.09 V/A for hafnia.383 The coaxial nature of the 
structures leads to the largest electric field strength near the inner electrodes so that 
^max = \Ebreak X ^„ X hl| 
f.. \ 
V rin J 
[12] 
where Ebreak is the experimentally measured value for the dielectric field strength. This 
allows us to plot the expected breakdown potential as a function of the dielectric 
thickness for bundles coated with alumina, hafnia, and titania in Fig. 16-10. It should be 
noted that this calculation is the basis for energy density calculations shown in Fig. 16-4. 
For an ideal capacitor coated with an alumina dielectric layer of ~ 15 nm, the estimated 
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Figure 16-10. Dielectric breakdown voltage as a function of dielectric thickness for 16 
and 20 nm bundles of hafnia, alumina, and titania coated SWNT with 2 nm diameters. 
Breakdown voltage is calculated from equation 12. 
breakdown voltage is expected to be near 5 V. However, it is likely that imperfections 
during ALD coating results in some bundles with local dielectric thicknesses less than 15 
nm, and cause localized breakdown at lower voltages. In the future, we hope to carry out 
better experiments to characterize this with statistically validated sample sets and with 
highly controlled systems that involve, in some cases, only a single bundle of SWNT 
being measured. 
To test the dielectric breakdown characteristics of these systems the low frequency 
impedance (20 Hz) was measured as a function of voltage between 20 mV and 1 V 
(which is the maximum available voltage for the LCR meter). These data are shown in 
Fig. 16-11. It is observed that the impedance of the capacitor decreases at higher 
voltages - both for doped and undoped devices. Furthermore, it must be noted that when 
subsequent measurements were taken with decreasing voltage the devices did not show 
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Figure 16-11. Voltage dependence of the low frequency (20 Hz) impedance relative to 
the zero-bias impedance (Zo). Deviations from Z(V)/Zo = 1 indicate either a change in 
the quantum capacitance representation of the SWNT bundle electrodes, or else the 
beginning of dielectric breakdown. Note that this measurement was made while 
increasing voltage: the same measurement was also made while decreasing voltage and 
no hysteresis was observed, possibly ruling out the latter case. 
any hysteretic behavior of the impedance. The origin of the effect seen in this data is 
unclear. One known characteristic of dielectric breakdown in metal oxides is the 
irreversible effect of local heating due to current flow at the breakdown site which lead to 
irreversible changes to the dielectric and hysteresis in the electrical response. Therefore, 
it is believed that these data most likely are not indicative of simple dielectric breakdown. 
Alternatively one-dimensional confinement in SWNTs leads to an electronic 
structure with mirror van Hove singularities equally spaced from the intrinsic Fermi level 
containing a large number of electronic states. Population of these states, e.g. by 
electrostatic doping, can cause both a significant increase in the quantum capacitance and 
a lowering of resistance in these structures. For the large-diameter SWNTs considered 
here, the first pair of van Hove singularities occurs within 1 V of the intrinsic Fermi level, 
meaning that applying a voltage across the SWNT electrode near 1 V can populate the 
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SWNT with electronic states not available at low biases. This will lead to an overall 
increase in the quantum capacitance and should also change the equivalent circuit model 
components discussed in Figs. 16-6 & 10. 
The convergence of these two effects makes it difficult to ascertain whether any of 
the result in Fig. 16-6 is the beginning of breakdown - perhaps too little into the 
breakdown curve to show hysteresis - or whether this device response is solely due to 
electrostatic doping and populating the SWNT electrodes with increased carrier density. 
One device was tested up to 5 V (a device with relatively poor capacitor characteristics). 
The impedance of the device was observed to decrease between 0.5 and 4 V, mostly 
between 1-3 V. At some point during this test the device was changed irreversibly and 
showed characteristics of irreversible dielectric breakdown. However, without properly 
decoupling electrical breakdown from electrostatic doping, the exact breakdown 
characteristics of these devices cannot be unambiguously measured. This important 
question is one that we plan to study in the future with more controlled device 
architectures and larger statistical sample sets, since device damage is inevitable if 
electrical breakdown is achieved. 
16.5 Device Characteristics by Weight 
In order to facilitate a comparison between standard EDLC supercapacitor devices 
and our solid-state supercapacitor devices for lightweight energy storage applications, it 
is important to compare total performance to device weight, instead of only to the weight 
of the electrode and charge collector. The latter is standard practice for those utilizing 
EDLC devices. The aqueous electrolyte in these devices fills the free space between the 
high surface-area electrode material and is expected to account for a significant portion of 
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the total electrode weight, especially for lightweight electrodes such as carbon nanotubes 
or high surface area carbons. However, this weight is not a fixed parameter in the EDLC 
fabrication process, and can vary from device to device- making accurate quantitative 
estimates of electrolyte weight difficult to obtain. However, in our solid-state device 
architecture, the total weight of the metal-oxide dielectric and counterlectrode layers can 
be calculated easily based upon the densities of the metal-oxides. 
This allows us to calculate the energy density (in Wh/Kg), normalized to the total 
weight of the supercapacitor device for variable dielectric materials and thicknesses, as 
shown in Fig. 16-12. This suggests that for AI2O3, HfC>2, and TiC>2, the maximum energy 
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density is near ~ 0.3 Wh/Kg, 1.2 Wh/Kg, and 2.2 Wh/Kg, respectively. Most approaches 
describing EDLC preparation generally outlines gram scales of electrolyte to milligram 
scales of CNTs. Therefore, a reasonable estimate for EDLC devices is that for every 
10 mg of CNTs, 1 g of aqueous electrolyte solution is added to the device. Quantitatively 
accurate values for the electrolyte mass in EDLC devices is difficult to obtain due to (i) 
the variability of this in different experimental EDLC designs (i.e. difference in electrode 
density or packing density), (ii) the necessity to only consider electrode weight in 
calculations to determine and compare device performance, and (iii) the sensitivity of 
electrolytes to ambient conditions. It is possible that some EDLC devices with densely 
packed electrodes only contain a factor of 5-10 more electrolyte mass compared to CNTs. 
However, EDLCs are not engineered for lightweight applications, and excess electrolyte 
is generally utilized with structures that have low density (< 5% dense).390 Therefore, 
this qualifies the general estimate assumed here. Nonetheless, with this estimate for 
EDLC devices, the best EDLC performance by total device weight is in the range of 0.1 
Wh/Kg, with most supercapacitors based on carbon nanotube electrodes exhibiting 
energy densities between 0.02-0.08 Wh/Kg. Therefore, the experimentally measured 
solid-state SWNT supercapacitors are comparable to the best documented EDLCs 
discussed in the literature (~ 0.1 Wh/Kg) on a strictly total weight basis. Furthermore, 
calculations for device configurations with TiC>2 dielectric emphasize device performance 
that is over an order of magnitude better by weight for this device architecture. In any 
case, the calculations emphasize the promise for these devices in future energy storage 
applications. We envision approaches designed to engineer the self-assembled SWNT 
templates and the SWNT array coating process as steps that significantly enhance device 
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performance, yielding supercapacitors that outperform current available energy storage 
technologies. 
16.6 Conclusions 
We demonstrate here the experimental fabrication of solid-state carbon nanotube 
supercapacitors made directly from dense, aligned SWNT arrays coated by atomic layer 
deposition. We show impedance device characterization that emphasizes supercapacitor 
performance in this new device architecture, and emphasize the comparable performance, 
by total weight, to existing energy storage technology. Furthermore, we present 
modeling results that emphasize such unoptimized device architectures should exhibit 
energy densities comparable to surpassing many of the best solid-state capacitor devices 
reported in the literature. Furthermore, this device design intrinsically features high 
power densities, and a lightweight design that current energy storage technology does not 
have promise for. 
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Chapter 17: Beyond the Scope of This Thesis: SWNT Transfer 
for Application Development 
17.1 Transfer for Applications 
A cornerstone of this thesis is based on the concept that self-assembled SWNT 
films can be transferred from the growth substrate to an arbitrary surface on which new 
physics can be tested, and new applications can be developed. Although much of the 
work reported in this thesis is based on this principle, this final chapter is devoted to a 
brief discussion of the fascinating aspects of ongoing research that this transfer process 
alone has enabled. 
As a note on this transfer process, it was discovered by mistake by the author of 
this thesis in late 2006 while trying to clean amorphous carbons from SWNT arrays. 
After exposing the SWNTs to water vapor at 750 °C for an extended period of time, it 
was noticed that the SWNTs transferred to the tweezers when picked up. Realizing the 
importance of this, the author of this thesis quickly attempted to try this transfer process 
in various ways: transferring to plastics, to metal foils, and eventually to smooth solid 
surfaces. Additionally, investigating this transfer process on patterned catalyst layers 
proved even more promising, as is outlined in chapter 12 of this thesis. It is likely that 
SWNTs transferred to the tweezers may have been overlooked by many as being a bad 
thing, but it took over 1 year to fully understand and establish reproducibility of this 
curious observation that has now completely transformed, in the authors opinion, how to 
make and transfer self-assembled nanotubes. This chapter is devoted to emphasizing 
much of the ongoing work where this specific transfer process has allowed the study of 
fundamental physics of aligned carbon nanotube scaffolds, and enabled the formation of 
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important applications that would otherwise be impossible (at least, by processing 
techniques available today) to achieve otherwise. 
A primary aspect of this work has been the development of terahertz materials, 
which is a key focus of Dr. Junichiro Kono's laboratory, and Ph.D. student Lei Ren. In 
collaborative work, we have demonstrated that transferred films using this technique can 
function as "perfect" linear terahertz polarizers (Fig. 17-1). This concept is exciting 
since the film is as-transferred, which is a simple route toward making such devices. 
Currently, metal wire grid polarizers can be fabricated from lithographic processes that 
perform such a function, but the benefit of the nanotubes is that this layer could provide 
additional functions, as opposed to just being a polarizer. For example, one could 
envision microfluidic channels that can generate electricity or filter/desalinate 
contaminated water, in addition to being used as a polarizer. In addition, recent work 
from MIT3 l has shown that nanotubes have exciting properties for carrying energy, 
which could also be a multifunctional built-in component of such a device design. In any 
case, this represents a class of multifunctional materials that could be of interest for an 
evolving field of applications based on nanotechnology. 
Another exciting application that has emerged from this technique has been the 
development of polarizable optical sensors from these transferred SWNT films. 
Although specific details of this can not be disclosed, this work was performed largely at 
Lockheed-Martin, and has spurred continued excitement about optical device applications 
of this nanostructured self-assembled material. Continuing research of the author of this 
thesis, beyond this thesis, is set to focus on ways to create more efficient optical sensing 
devices based on SWNT functionalization to localize conduction electrons and minimize 
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screening effects when an external field is applied. In addition, the use of heterojunctions 
(as is outlined in chapter 13) can be useful for such applications. 
Furthermore, transferred films of SWNTs have recently been successfully 
employed as efficient electrodes in dye-sensitized solar cells, in collaborative work with 
Dr. Jun Lou and Pei Dong (Ph.D. student). Efficient transfer of SWNTs grown in carpet 
architectures was utilized on a fluorinated version of ITO. Initial results emphasize that 
efficiencies of -4% can be achieved, even though this represents an early stage of this 
study and higher efficiencies will surely be achieved through electrode and process 
optimization. Furthermore, this transfer process opens up the route for all-flexible 
architectures for these solar cells, which is a new feature to the field. 
Finally, in terms of applications, in a collaborative effort between Dr. Junichiro 
Kono and Dr. Stephan Maier, we have established that transferred films in such 
architectures could be employed as metamaterials that can yield extraordinary 
transmission of long-wavelength radiation when the film is arranged in the predicted 
structure. Although this has yet to be experimentally demonstrated, it remains an 
exciting front that combines a rapidly evolving field of plasmonics with a new material 
composed of self-assembled nanotubes. 
In addition, the transfer technique has been utilized to allow a significant amount 
of new physics about aligned carbon nanotubes to be understood. This is work in 
collaboration with Dr. Junichiro Kono and Layla Boosheheri (Ph.D. student). First of all, 
a model to describe the angular dependence of radial breathing mode coherent phonons 
has been demonstrated, and verified with careful experimental studies. Furthermore, 
the optical response of these aligned SWNTs in ultra-high pulsed magnetic fields is also 
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an ongoing effort, and focused on understanding fundamental physical properties of these 
aligned SWNTs, and how those properties are influenced by large magnetic fields. 
In closing, it is the hope of this author that this chapter makes it evident how what 
may be deemed as an anomaly in a growth experiment turned into a pioneering process 
that has enabled facets of research that have remained unstudied since processing of 
carbon nanotubes is a slowly evolving field. It underlines how the use of bottom-up 
approaches to fabricate materials, where nature is employed to do the hard work of 
making the self-assembled material, can yield processes that can rapidly change the 
physics that we understand, and the viability of these materials for applications. This is 
in contrast to processing techniques that often take many years or sometimes even 
decades to develop. Even if we become experts at processing nanomaterials, we will 
never have the precision to achieve the uniform characteristics that nature allows us to 
achieve by simply growing self-assembled materials. 
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